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I. INTRODUCTION 

This  s i x t h  Quar te r ly  Progress  Report desc r ibes  t h e  t echn ica l  progress  

achieved from 1 September 1969 through 24 November 1969 under NASA con- 

t r a c t  No. NASw-1726. S c i e n t i f i c  i n v e s t i g a t i o n  accomplished during t h i s  

r e p o r t i n g  per iod  r e s u l t e d  i n  t h e  genera t ion  of t h e  fol lowing papers sub- 

mi t ted ,  accepted and/or  publ ished i n  a c c r e d i t e d  s c i e n t i f i c  journa ls .  

Technical  Papers Submitted, Accepted and/or  Publ ished 

a .  Accepted: 

-I- 
CO Dayglow on mrs and Venus 

2 (A. Dalgarno & T. Degges) 

Angular D i s t r i b u t i o n  of Photoelec- 
t r o n s  and P a r t i a l  Photo ioniza t ion  
Cross Sec t ions  ( J .  A. R. Samson) 

Carbon Atoms i n  t h e  Upper Atmos- 
phere of Venus (F. Marmo and A. 
Engelman) 

Photon S c a t t e r i n g  by Argon i n  t h e  VW 
(R. Cairns,  F. Marmo & J. Samson) 

b. Published: 

4- 
Elec t ron ic  S t a t e s  of C6H6 (J. Samson) 

Line Broadening i n  Photoelectron 
Spectroscopy (J .  Samson) 

On t h e  Measurement of Rayleigh S c a t t e r -  
ing  ( J .  Samson) 

Proc. I.A.U. 
Symposium 40 on 
Plane tary  Atmospheres 
Marfa, Texas (10/27/69) 

Proc. Roy. Soc. 

ICARUS 

J. Opt. Soc. Am. 

Chem. Phys. L e t t e r s  
4, 257 (1969). - 
Rev. Sci .  I n s t r .  
40, 1174 (1969). - 
J. Quant. Spectrosc.  
& Radiat.  Trans. 9, 
875 (1969) 



"Angular D i s t r i b u t i o n s  of Photoe lec t rons  and P a r t i a l  Photoioniza-  
t i o n  Cross Sec t ions ,"  by James A. R. Samson; paper de l ive red  a t  
t h e  F i r s t  Annual Meeting of t h e  Div is ion  of Elec t ron  and Atomic 
Physics of t h e  American Phys ica l  Soc ie ty  on 17-19 November 1969 
i n  Madison, Wisconsin. 

I n  Sect ion 11, t e c h n i c a l  summaries a r e  presented on t h e  work performed 

dur ing  t h e  cu r r en t  r e p o r t i n g  period.  Sec t ion  111 conta ins  b r i e f  summaries 

of t e c h n i c a l  papers  presented  a t  s c i e n t i f i c  and/or  p ro fe s s iona l  meetings 

a s  w e l l  a s  o t h e r  miscel laneous t o p i c s  of i n t e r e s t  i n  t h e  performance of 

t h e  cu r r en t  c o n t r a c t  commitments. F i n a l l y ,  i n  compliance wi th  t h e  r equ i r e -  

ments of t h e  c o n t r a c t ,  an  i n t e g r a t e d  t a b u l a t i o n  by labor  ca tegory  and 

grade  of t o t a l  hours  expended i n  t h e  execut ion of t h e  c o n t r a c t ,  f o r  t h e  

s p e c i f i e d  r epo r t ed  t ime i n t e r v a l  is  included i n  Sec t ion  I V .  



11. SUMMARY OF TECHNICAL WORK PERFORMED FOR THE PERIOD 1 SEPTEMBER 1969 
THROUGH 24 NOVEMBER 1969 

The t e c h n i c a l  progress  accomplished dur ing  t h e  cu r r en t  r epo r t ing  

period can be  convenient ly descr ibed  i n  terms of t h e  two major c a t e g o r i e s  

contained i n  t h e  s ta tement  of work: (A) l abo ra to ry  s t u d i e s ,  and (B) 

t h e o r e t i c a l  s t u d i e s .  

A. LABORATORY STUDIES 

During t h e  cu r r en t  q u a r t e r l y  r e p o r t i n g  per iod  a  number of lab-  

o ra to ry  s t u d i e s  were performed i n  accordance w i t h  t h e  t a s k s  s p e c i f i e d  

i n  t h e  s u b j e c t  work s tatement .  S p e c i f i c a l l y ,  t h e  e l e c t r o n i c  s t a t e s  of  

c ~ H ~ ,  photon s c a t t e r i n g  by argon i n  t h e  VW, y i e l d  of i ons  r e s u l t i n g  

from photo ioniza t ion ,  measurement of i o n i c  m o b i l i t i e s ,  which a r e  d iscussed  

below i n  t h e  i n d i c a t e d  order .  

4- 
1. The E lec t ron ic  S t a t e s  of C& 

Photoelectron spectroscopy i s  an  i d e a l  t o o l  f o r  determining t h e  

i o n i z a t i o n  p o t e n t i a l s  of atoms and molecules. The technique f u r t h e r  

gives an i n s i g h t  i n t o  the  bonding na tu re  of t h e  e l e c t r o n s .  In  t h e  c a s e  

of benzene, photoe lec t ron  spectroscopy us ing  t h e  584a resonance l i n e  of 

He I gives 9 . 2 5  and 11.5 eV a s  t h e  two lowest i o n i z a t i o n  energ ies  of t h e  

molecule. ( 3, These va lues  a r e  i n  agreement w i t h  t h e  Rydberg a n a l y s i s  

of t h e  vacuum u l t r a v i o l e t  absorp t ion  spectrum of benzene. @'5) These 

two ion iza t ion  p o t e n t i a l s  have been a t t r i b u t e d  t o  t h e  removal of a  n 

e l ec t ron .  ( 3 ' 5 )  However, theory has pred ic ted  t h a t  two sigma o r b i t a l s  

should l i e  between t h e  two lowest n o r b i t a l s .  g-9 ' This  has led t o  ex- 



periments i n  search f o r  i o n i z a t i o n  p o t e n t i a l s  ly ing  between 9.25 and 

11.5 eV. Momigny, e t  a l .  ( 1°) have used photo ioniza t ion  techniques and 

measured t h e  number of ions produced per  i nc iden t  photon, t h a t  is ,  a  

quan t i t y  p ropor t iona l  t o  t h e  photo ioniza t ion  c ros s  s ec t ion .  Na ta l i s ,  

e t  a l .  (") have s tud ied  t h e  photoe lec t ron  spectrum of benzene us ing  

undispersed l i g h t  sources of He (584a), Ne (736, 7442), and A r  (1048, 

10678). Peatman, e t  a l .  ( have s tudied  t h i s  reg ion  using a  photoion- 

i z a t i o n  resonance technique.  This  technique d e t e c t s  zero k i n e t i c  energy 

e l e c t r o n s  a s  a  func t ion  of photon energy. These experiments have a l l  

suggested t h e  ex i s t ence  of two e l e c t r o n i c  s t a t e s  of benzene i n  t h e  v i c -  

. i n i t y  of 10.35 and 10.85 eV. Baker, e t  a l .  ( I3)  a l s o  using undispersed 

r a d i a t i o n ,  have presented da ta  i l l u s t r a t i n g  t h e  absence of s t r u c t u r e  

except t h a t  which can be accounted f o r  by impurity l i n e s  present  i n  t h e  

l i g h t  source. It i s  t h e  purpose of t h i s  no te  t o  expla in  these  r e s u l t s  and 

t o  present  photoe lec t ron  spectroscopy da t a  a t  va r ious  wavelengths show- 

ing t h a t  t h e  f i r s t  two e l e c t r o n i c  s t a t e s  of t h e  benzene ion l i e  a t  9.25 

and 11.5 eV. 

Photoionizat ion measurements have been very succes s fu l  i n  i d e n t i -  

fy ing  f i r s t  i o n i z a t i o n  p o t e n t i a l s .  (I4' l5 ) However, higher  i o n i z a t i o n  

p o t e n t i a l s  obtained by t h i s  technique must be considered doubt fu l .  The 

reason is  t h a t  unresolved au to ion iz ing  s t r u c t u r e  can g ive  a  s t e p  i n  t h e  

i o n i z a t i o n  curve which i s  then erroneously considered a  higher  ion iza-  

t i o n  p o t e n t i a l .  P a r t i a l  r e s o l u t i o n  of t h i s  s t r u c t u r e  s t i l l  gives t h e  



appearance of an  underlying continuum. Lomplete r e s o l u t i o n  can r e v e a l  

t h e  t r u e  n a t u r e  of t h e  phenomenon except when t h e  u s u a l l y  d i f f u s e  au to-  

i on i z ing  l i n e s  overlap.  Prev ious ly  r epo r t ed  pho to ion iza t ion  s t u d i e s  of 

benzene, wi th  o r  without  mass a n a l y s i s ,  Eave used band wid ths  between 1 

and 38. ( 10~16k19) Under poor r e s o l u t i o n  s t e p s  occur a t  10.35 and 10.85 

eV which i s  j u s t  t h e  onse t  p o t e n t i a l  of two major groups of au to ion iz ing  

l i n e s .  A s  t h e  r e s o l u t i o n  improves t h e  s t e p  func t ion  n a t u r e  of t h e  photo- 

i o n i z a t i o n  c r o s s  s e c t i o n  curve i n  t h e  10 t o  11 eV reg ion  d isappears  

r evea l ing  t h e  au to ion iz ing  s t r u c t u r e .  

I n  t h e  photo ioniza t ion  resonance experiment ze ro  k i n e t i c  energy 

e l e c t r o n s  a r e  observed a t  10.385 and 10.471 eV. This  r e s u l t  can a l s o  be 

explained by a u t o i o n i z a t i o n .  D i r e c t  i o n i z a t i o n  a t  photon ene rg i e s  above 

an i o n i z a t i o n  th r e sho ld  w i l l  produce non-zero energy e l e c t r o n s  and hence 

no peaks w i l l  be  observed. However, when an  au to ion iz ing  t r a n s i t i o n  

occurs  var ious  v i b r a t i o n a l  s t a t e s  of t h e  ion a r e  populated.  (20,21) The 

degree of popula t ion  can be expected t o  depend on t h e  over lap  i n t e g r a l s  

between t h e  au to ion iz ing  s t a t e  and t h e  p a r t i c u l a r  e l e c t r o n i c  s t a t e  of t h e  

ion involved. A f i n i t e  p r o b a b i l i t y  e x i s t s  t h a t  a  t r a n s i t i o n  w i l l  be made 

i n t o  a  v i b r a t i o n a l  l e v e l  of t h e  ion  coinciding wi th  t h e  au to ion iz ing  s t a t e  

and hence zero energy e l e c t r o n s  w i l l  appear .  I n  t he  p a r t i c u l a r  ca se  of 

benzene, au to ion iz ing  s t a t e s  a r e  observed a t  1193.28 (10.39 eV), 1184.28 



( L O .  470 eV), and 1-181-. 22 (10.498 eV). '"I Within the accuracy of these 

measurements (2 0.004 eV) t h e  f i r s t  two au to ion iz ing  l e v e l s  agree  pre-  

c i s e l y  wi th  t h e  peaks observed i n  t h e  photo ioniza t ion  resonance experiment. 

The f a c t  t h a t  t he  peaks a r e  extremely weak i n d i c a t e s  a  low p r o b a b i l i t y  

f o r  producing zero energy e l e c t r o n s  wi th  t h e s e  p a r t i c u l a r  au to ion iz ing  

s t a t e s .  Nevertheless,  photo ioniza t ion  resonance experiments a r e  s u b j e c t  

t o  t h e  u n c e r t a i n t i e s  produced by au to ioniz ing  t r a n s i t i o n s .  

The photoelectron spectrum of benzene obta ined  wi th  t h e  5848 He I 

l i n e  shows no s t r u c t u r e  between 9.25 and 11.5 eV. (1, 2311) However, a s  

suggested by Momigny and Lorquet, '23) i t  i s  p o s s i b l e  t h a t  a l l  t h e  ion iza-  

t i o n  c ros s  s e c t i o n s  f o r  t h e  l e v e l s  a t  10.35 and 10.85 eV a r e  too  low t o  

be observed a t  5842 and can only be de tec ted  nea re r  th reshold .  I n  f a c t ,  

photoe lec t ron  spectroscopy da t a  by Vilesov and Akopyan (24) show some 

anomalous peaks us ing  monochromatic r a d i a t i o n  between 10 and 11 eV. 

From t h i s  da t a  i t  would appear  t h a t  an  e l e c t r o n i c  s t a t e  e x i s t s  a t  about  

10.75 eV. However, i n  t h e i r  own a n a l y s i s  Vi lesov  s t a t e s  t h a t  t h e  au to-  

i on iz ing  s t r u c t u r e  probably i s  r e spons ib l e  f o r  t h e i r  observed anomalies.  (17,241 

Nata l i s ,  e t  a1. have inves t iga t ed  t h e  photoe lec t ron  spectrum of 

benzene us ing  undispersed resonance r a d i a t i o n  from argon (1048-10678), 

neon (736-7442) and helium (5848) l i g h t  sources.  I n  t h e  reg ion  of 10-11 eV 

peaks were observed i n  t h e  photoe lec t ron  spectrum a t  9.99 and 10.67 eV 

w i t h  t h e  argon source,  wh i l e  one peak was observed a t  10.90 eV when t h e  

neon source was used. No peaks were observed when t h e  helium l i g h t  source 



was used* Na ta l i s ,  e t  a l .  f e e l  t h a t  w i th in  t h e  accuracy of t h e i r  exper i -  

ment t h e  10.67 eV peak and t h e  10.90 eV peak r e f e r  t o  t h e  same energy 

l e v e l .  These observed peaks can be  explained by t h e  presence of impurity 

l i n e s  i n  t h e  l i g h t  sources .  The most f r equen t ly  observed impuri ty  l i n e s  

i n  t h i s  wavelength r eg ion  a r e  1215.78 H I (10.20 eV), 1200.2!? N I (10.33 

eV), and 1135.08 N I (10.93 eV). ( 23 These l i n e s  would g ive  r i s e  t o  

apparen t  energy l e v e l s  i n  benzene a t  10.78, 10.65 and 10.04 eV, r e spec t ive ly ,  

when t h e  argon l i g h t  source  was used (computed us ing  t h e  average  energy of 

t h e  two argon resonance l i n e s ) .  The f i r s t  two impuri ty  l i n e s  would account 

f o r  t h e  observed l e v e l  a t  10.67 eV wh i l e  t h e  t h i r d  impuri ty  l i n e  accounts  

f o r  t h e i r  observed l e v e l  a t  9.99 eV. 

With t h e  neon l i g h t  source  t h e  7368 resonance l i n e  i s  t h e  most i n -  

t ense .  The impuri ty  l i n e s  i n  t h i s  c a s e  w u l d  g ive  r i s e  t o  apparen t  energy 

l e v e l s  a t  15.90, 15.77, and 15.17 eV, r e s p e c t i v e l y .  The h i g h e s t  energy 

l e v e l  r epo r t ed  by N a t a l i s ,  e t  a l .  l i e s  a t  15.2 eV which a g a i n  can be  

accounted f o r  by t h e  impuri ty  11358 N I l i n e .  These impuri ty  l i n e s  can- 

not  account f o r  t h e  apparen t  l e v e l  quoted a t  10.9 eV. However, t h i s  peak 

i s  extremely weak and must be ques t ionable  when obta ined  us ing  an  undis-  

persed l i g h t  source  and low energy r e s o l u t i o n  appara tus .  

When t h e  helium l i g h t  source  i s  used, t h e  impuri ty  l i n e s  g ive  r i s e  

t o  apparen t  energy l e v e l s  a t  20.27, 20.14, and 19.54 eV, r e s p e c t i v e l y .  

The H I impuri ty  l e v e l  can be observed a t  20.26 eV i n  t h e  s p e c t r a  repor ted  

by Baker, e t  a l .  a3 ) and by Clark and F r o s t .  ' ) The 11358 N 1 impuri ty  

l e v e l  i s  a l s o  observed i n  t he  photoe lec t ron  spectrum by Baker, e t  a l .  



With c a r e  t h e  n i t rogen  impuri ty  l i n e s  can be removed, bu t  i t  i s  

very  d i f f i c u l t  t o  e l imina te  t h e  hydrogen Lyman a lpha  l i n e .  The problem 

of impuri ty  l i n e s  has  been d iscussed  r e c e n t l y  wi th  r e spec t  t o  anomalous 

s t r u c t u r e  observed i n  Hg and NO. ( 2 6 ~  27) Obviously, c a r e  must be exer-  

c i s e d  i n  i n t e r p r e t i n g  weak peaks i n  photoe lec t ron  spec t r a  when undis-  

persed r a d i a t i o n  i s  used. 

I n  t h e  present  work a vacuum monochromator was used i n  conjunct ion  

wi th  a dc glow discharge  t o  produce monochromatic r a d i a t i o n  (ha l fwid th  = 

0.82). The glow discharge  was opera ted  wi th  H Ne, A r ,  and He gases  t o  
2' 

produce i n t e n s e  s p e c t r a l  l i n e s  i n  t h e  energy range 9 .8  t o  21.2 eV. The 

monochromator was coupled t o  a s p h e r i c a l  r e t a r d i n g  p o t e n t i a l  energy 

ana lyzer  a s  descr ibed i n  a previous pub l i ca t ion .  Q8 ) The ana lyzer  had a 

r e so lv ing  power of about 0 .8  percent  f o r  e l e c t r o n  energ ies  i n  excess of 

4 eV. Below 4 eV t h e  h a l f  width of a l i n e  tended towards a f i x e d  va lue  

of about 30 mV. 

Data were taken a t  many wavelengths between 1253 and 5842. Repre- 

s e n t a t i v e  da t a  taken a t  11192 (11.1 eV), 1048. ,'d? (11.83 eV), and 735.892 

(16.85 eV) a r e  reproduced i n  F igures  1, 2, and 3 r e spec t ive ly .  None of 

t h e  da t a  revea led  new s t a t e s  between 9.25 and 11.5 eV. I n  t h e  f i g u r e s  

t h e  h igher  energy l e v e l s  were determined wi th  r e s p e c t  t o  t h e  spec t ro-  

scopic  va lue  of 9.248 eV obtained by Wilkinson. (4)  

Although no s t a t e s  were observed wi th in  t h e  no i se  l e v e l  of t h e  

t r a c e s  i t  can s t i l l  be argued t h a t  t h e  des i r ed  l e v e l s  have extremely 

low photo ioniza t ion  c ros s  s ec t ions .  However, we be l i eve  t h a t  from t h e  



Figure 1: 11192 (11.1 eV) Photoelectron re ta rd ing  p o t e n t i a l  curve f o r  benzene. 
Hydrogen was used i n  the  l i g h t  source. 



Figure 2: 1048.28 (11.83 eV) Photoelectron retarding potential  curve for  
benzene. Argon was used i n  the l ight  source. 
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presen t  da t a  and t h e  arguments presented he re  t h a t  no experimental d a t a  

t o  d a t e  have shown t h e  ex i s t ence  of e l e c t r o n i c  s t a t e s  between 9 .25  and 

11.5 eV. It seems reasonable a t  t h i s  po in t  t o  accept  t h i s  f a c t  and t o  

r e i n t e r p r e t  t h e  energy assignments of t h e  fi and c o r b i t a l s  a s  has  been 

done by Lindholm and col leagues.  ( 29,30) 

Experimental de te rmina t ions  of photon-sca t te r ing  c ros s  s e c t i o n s  i n  

t h e  vacuum u l t r a v i o l e t  have been l imi t ed  by seve re  experimental d i f f i -  

c u l t i e s .  A l l  experimental  (31-34) da t a  a v a i l a b l e  f o r  argon atoms a t  wave- 

lengths  s h o r t e r  than  20002 a r e  l i s t e d  i n  Table 1, toge the r  with some 

corresponding va lues  obtained t h e o r e t i c a l l y  ( 35-37) and c a l c u l a t e d  from 

empirica 1 e x t r a p o l a t  ions of measured r e f r a c t i v e  ind ices .  ( 38) There a r e  

no d a t a  c l o s e  t o  t h e  resonance l i n e s  a t  1048.218 and 1066.6602. We 

have at tempted such measurements us ing  a  method s i m i l a r  t o  t h a t  of G i l l  

and Heddle (32) bu t  w i th  d ispersed  r a d i a t i o n .  This  modif icat ion,  wi th  i t s  

concomitant r educ t ion  of i n t e n s i t y ,  i s  necessary  i n  reg ions  where t h e  

s c a t t e r i n g  c r o s s  s e c t i o n  changes r a p i d l y  wi th  wavelength. 

Radiant f l u x  from a  hydrogen source was d ispersed  by a  one-half meter 

Seya monochromator w i th  a  MgF coated aluminized g r a t i n g  blazed a t  15002. 
2  

The s p e c t r a l  bandpass was s e t  a t  32. Monochromatic f l u x  en tered  t h e  

s c a t t e r i n g  c e l l  through a n  LiF window and t h e  t r ansmi t t ed  f l u x  was monit- 

ored wi th  an  EM1 9514 S  phototube coated wi th  sodium s a l i c y l a t e .  Flux 

0 
s c a t t e r e d  through 90 i n  the  Rowland p lane  of the  monochromtor was de-  



t e c t e d  wi th  an  EMR 541 H-08-18 phototube which was s e n s i t i v e  i n  t h e  reg ion  

1050 t o  about 16508. Photon counting techniques were employed. 

The experimental  method was t e s t e d  a t  16078 by measuring t h e  r a t i o  

of t h e  s c a t t e r i n g  c r o s s  s e c t i o n  of argon t o  t h a t  of helium. S ince  t h e  

va lue  of t h e  helium c r o s s  s e c t i o n  has been c a l c u l a t e d  p r e c i s e l y 0 9  ) t h e  

c r o s s  s e c t i o n  of argon could b e  ca l cu la t ed  and was found t o  be 9.2 & 0.7 

2 x cm . This  v a l u e  f i t s  w e l l  w i th  t h e  a v a i l a b l e  experimental  d a t a  ( 3 4 )  

and is i n  good agreement w i th  t h e  corresponding t h e o r e t i c a l  va lue  8.85 

x cm2. (35) Th i s  r e s u l t  confirmed the a p p l i c a b i l i t y  of t h e  technique 

and the  helium measurements, which f o r  reasons of i n t e n s i t y  were confined 

t o  t h i s  wavelength, i l l u s t r a t e d  i t s  h igh  s e n s i t i v i t y .  The f l u x  s c a t t e r e d  

from argon per  u n i t  i n c i d e n t  f l u x  was a l s o  measured a t  1216, 1176, 1162 

and 11468 and found t o  i nc rease  l i n e a r l y  w i th  pressure ,  s e e  F igure  4 , 

The s c a t t e r i n g  c r o s s  s e c t i o n s  a t  t h e s e  wavelengths a r e  not  d i r e c t l y  pro-  

p o r t i o n a l  t o  t h e  s l o p e s  of t h e s e  l i n e s .  Correct ions a r e  r equ i r ed  f o r  

v a r i a t i o n s  wi th  wavelength of t h e  s e n s i t i v i t i e s  of t h e  two phototubes, 

t h e  t ransmi t tances  of LiF windows, and poss ib ly ,  t h e  f l uo rescen t  e f f i c -  

iency of sodium s a l i c y l a t e  t h e  degree of p o l a r i z a t i o n  of t h e  d ispersed  

r ad ia t ion ,  and t h e  angular  d i s t r i b u t i o n  of t h e  s c a t t e r e d  f l u x  r e l a t i v e  t o  
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Figu re  4: The s c a t t e r e d  f l u x  from argon a s  a  f u n c t i o n  of p r e s su re  
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t h e  e l e c t r i c  v e c t o r  of t h e  i n c i d e n t  f l u x ,  Changes i n  t h e s e  parameters 

could be measured but  w i t h  i n s u f f i c i e n t  accuracy t o  t e s t  t h e  theo re t i ca l  

va lues  . 

A t  10908 t h e  s c a t t e r e d  f l u x  was found t o  i nc rease  no t  l i n e a r l y ,  bu t  

q u a d r a t i c a l l y  wi th  pressure .  This  same quadra t i c  dependence was observed 

i n  a n  a t t e n u a t i o n  experiment i n  which t h e  f a c t o r  l / n l  i n  10/1 was d e t e r -  

mined a s  a func t ion  of nl, where nl, i s  t h e  argon atom concent ra t ion  and 

I and I a r e  t h e  i n c i d e n t  and t r ansmi t t ed  f luxes ,  r e s p e c t i v e l y .  The 
0 

r e s u l t s ,  contained i n  F igu res  5 and 6 a r e  a s c r i b e d  t o  t h e  presence of 

quasi-molecules (atoms i n  c o l l i s i o n  o r  bound by Van de r  Waals f o r c e s )  t h e  

concent ra t ion  of which inc reases  a s  t h e  square of t h e  atom concent ra t ion .  

The ex i s t ence  of such quasi-molecules has  long been recognized. However, 

t h e i r  r o l e  has  not  been considered i n  s c a t t e r i n g  experiments a t  wavelengths 

where it is probably important ,  f o r  example, i n  t h e  de te rmina t ions  of t h e  

photon s c a t t e r i n g  c r o s s  s e c t i o n  of krypton a t  12168. ( 32) 

The da t a  contained i n  F igures  5 and 6 can be used t o  es t imate  

t h e  magnitude of t h e  A r  s c a t t e r i n g  c ros s  s e c t i o n  a t  10908. The r a t i o  2 

of t h e  s c a t t e r e d  f l u x  (f) a t  10908 t o  t h a t  a t  12162 can k expressed i n  
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Figu re  5: The s c a t t e r e d  f l u x  f  om argon a s  a func t ion  of t h e  5 (atom concen t r a t i on )  . 
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6 :  Attenuat ion  of 10908 r a d i a t i o n  by argon. The l e t t e r s  I. 
r ep resen t  t h e  i n c i d e n t s  and t r ansmi t t ed  photon f lux ,  
r e spec t ive ly .  The length  of t h e  absorp t ion  path L was 
22.4 cm. 



terms of t h e  r a t i o  of t h e  products  of t h e  corresponding s c a t t e r i n g  c ros s  

s ec t ions ,  t h e  numbers of s c a t t e r e r s ,  and t h e  photon f luxes  i n c i d e n t  upon 

t h e  s c a t t e r i n g  volume. I f  we assume t h a t  a t  1216g t h e  s c a t t e r i n g  i s  pre-  

dominantly by argon atoms and a t  10908 by quasi-molecclles, a s  i s  evidenced 

i n  F igure  4  , then  

where 

n2 
i s  t h e  A r 2  concent ra t ion  

L i s  t h e  t o t a l  r a d i a t i o n  path length  i n  t h e  gas 

0- i s  t h e  abso rp t ion  c ros s  s e c t i o n  of A r  and 
a 2  2' 

a and a a r e  t h e  s c a t t e r i n g  c ros s  s e c t i o n s  of 
s 2  s 1 

A r  and A r ,  r e spec t ive ly .  
2 

The r a t i o  n2/n1 = Kn i s  known s i n c e  K, t h e  equi l ibr ium cons tan t  f o r  t h e  1 

formation of A r  molecules, i s  r e l a t e d  t o  t h e  second v i r i a l  c o e f f i c i e n t  
2  

of t h e q u a t i o n  of s t a t e  of argon, ( 40y 41) which i s  known t o  be -15.9 c c /  

mole. Thus t h e  r equ i r ed  s c a t t e r i n g  c ros s  s e c t i o n  i s  given by t h e  follow- 

ing  equat ion 

The f i r s t  term on t h e  r i g h t  hand s i d e  of t h i s  equat ion  i s  known. The 

second term i s  a l s o  known s u b j e c t  t o  t h e  co r r ec t ions  previous ly  mentioned 



and d i s  

56.6 x 

cussed q u a n t i t a t i v e l y  l a t e r .  The va lue  taken f o r  u  
s l (1216)  was 

1 0 - ~ ~ c m *  t h i s  being t h e  mean of those  given i n  Table 1 . The 

t h i r d  term involves  t h e  undertermined quan t i t y  (u  
a 2  + us2)(1090)e This  

i s  t h e  a t t e n u a t i o n  c ros s  s e c t i o n  l abe l ed  o  i n  F igure  6  . I f  forward 
2  

s c a t t e r i n g  i s  ignored t h e  a t t e n u a t i o n  c ros s  s e c t i o n  can be obta ined  

d i r e c t l y  from t h e  s lope  of t h e  l i n e  shown i n  F igure  6  which i s  descr ibed  

by t h e  equat ion  

It has t h e  va lue  8 .0  x 1 0 - ' ~ c m ~ .  I n  p r i n c i p l e ,  t h e  i n t e r c e p t  of t h i s  l i n e  

on the o r d i n a t e  al lows t h e  atomic s c a t t e r i n g  c r o s s  s e c t i o n  t o  be  d e t e r -  

mined. However, i n  p r a c t i c e  t h i s  i s  no t  p o s s i b l e  because of abso rp t ion  

by t r a c e  impur i t i e s  such a s  water  vapor. 

The va lue  of  t h e  A r  s c a t t e r i n g  c r o s s  s e c t i o n  a t  10908 thus  obta ined  
2  

i s  1.6 x 10 - '~cm~.  This  v a l u e  has  been co r rec t ed  by t h e  f a c t o r s  1.39 

and 0.95 which account,  r e spec t ive ly ,  f o r  a  decrease i n  d e t e c t i o n  e f f i c -  

iency of t h e  s c a t t e r e d  f l u x  and a n  inc rease  i n  t h e  p o l a r i z a t i o n  of t h e  

d ispersed  i n c i d e n t  f l u x  a t  10908 r e l a t i v e  t o  12168. The p o l a r i z a t i o n  was 

measured by t h e  method of Rabinovitch, e t  a l .  (42) and t h e  f a c t o r  0.95 

determined according t o  equat ion  16 of r e f e rence  (43). 

I n  conclusion, we have shown t h a t  s c a t t e r i n g  c ros s  s e c t i o n s  can be 

measured by t h e  method of G i l l  and Heddle (32) but  wi th  d ispersed  r a d i a t i o n .  

Such measurements g ive  a  s e n s i t i v e  t e s t  f o r  t h e  presence of ra re-gas  

quasi-molecules,  The second v i r i a l  c o e f f i c i e n t  of argon has been used t o  

- 5 
deduce t h e  r a t i o  n  /n which has  a  va lue  of 8.6 x 10 a t  100 Torr.  This  

2  1 

-4 (44) The molecular i s  i n  f a i r  agreement wi th  t h e  observed r a t i o  of 10 . 





c r o s s  s e c t i o n  a t  10908 must be l a r g e  f o r  t h i s  minori ty  c o n s t i t u e n t  t o  

dominate t h e  s c a t t e r i n g ,  A method f o r  es t imat ing  t h i s  c r o s s  s e c t i o n  has  

been descr ibed  and a  va lue  of 1.6 x 10e18cm2 obtained. Two sources of 

u n c e r t a i n t y  e x i s t .  F i r s t ,  t h e  angular  d i s t r i b u t i o n  of t h e  s c a t t e r e d  f l u x  

r e l a t i v e  t o  t h e  e l e c t r i c  vec to r  of tk i nc iden t  f l u x  may be d i f f e r e n t  a t  

1090 and 12168. Second, r a d i a t i o n  may be s c a t t e r e d  a t  wavelengths longer  

than  16508, t h e  d e t e c t i o n  l i m i t  of t3x! EMR phototube. However, t h e s e  

f a c t o r s  do n o t  a f f e c t  t h e  a t t e n u a t i o n  c r o s s  s e c t i o n  (8.0 x 1 0 - ' ~ c m ~ )  which 

c o n s t i t u t e s  a n  upper l i m i t  t o  t h e  quasi-molecular s c a t t e r i n g  c ros s  s ec t ion .  

The ex i s t ence  of ra re-gas  quasi-molecules complicates t h e  de te rmina t ion  

of o s c i l l a t o r  s t r e n g t h s  of t h e  resonance t r a n s i t i o n s  by t h e  s c a t t e r i n g  

method. 

A v a r i e t y  of small  molecules has  been s tud ied  wi th  t h e  photoioniza-  

t i o n  mass spectrometer  t o  determine t h e  y i e l d  of fragment ions  r e s u l t i n g  

from photo ioniza t ion .  Of p a r t i c u l a r  i n t e r e s t  i n  t h i s  work was t h e  inves-  

t i g a t i o n  of t h e  wavelength dependence of product ions near  t h e i r  t h re sho lds  

of appearance, because i t  a l lows  t h e  determinat ion of appearance p o t e n t i a l s ,  

which i n  t u r n  provide information on important thermodynamic p r o p e r t i e s  

of t h e  ions  and t h e i r  parent  molecules. 



The techniques involved have been repor ted  previous ly  and only 

a  b r i e f  summary i s  r equ i r ed  here .  The photo ioniza t ion  mass spectrometer  

employed involves a 1 /2  meter Seya g r a t i n g  monochromator w i th  t h e  s l i ts  

s e t  t o  provide a  s p e c t r a l  r e s o l u t i o n  of about 3.52 a t  half-width.  The 

monochromator e x i t  s l i t  a l s o  se rves  a s  t h e  en t rance  s l i t  t o  t h e  i o n  source  

chamber. A f t e r  pass ing  t h e  ion  chamber, t h e  r a d i a t i o n  is  r e g i s t e r e d  on a  

sodium-salicylate-coated photomul t ip l ie r .  From t h e  ion  chamber,ions a r e  

withdrawn a t  r i g h t  angles  t o  t h e  l i g h t  beam through an  a p e r t u r e  of 3 mm 

diameter.  A concave r e p e l l e r  provides a  concen t r i c  f i e l d  con f igu ra t ion  

which enhances t h e  c o l l e c t i o n  of ions.  Subsequently, t h e  ions  a r e  focused 

onto  t h e  en t rance  a p e r t u r e  of a  180 degree magnetic ana lyzer ,  behind t h e  

e x i t  o r i f i c e  of which t h e  ions  a r e  r e g i s t e r e d  by means of an  e l e c t r o n  

m u l t i p l i e r  de t ec to r .  An e lec t rometer  readout  c i r c u i t  and record ing  equip-  

ment complete t h e  experimental  arrangement. 

The experimental  procedure e n t a i l e d  t ak ing  simultaneous record ings  

as a func t ion  of wavelength of t h e  photomul t ip l ie r  cu r r en t  and t h e  ion  

c u r r e n t .  For t h i s  purpose, t h e  magnet cu r r en t  of t h e  mass spectrometer  

was ad jus t ed  t o  a l l ow t h e  des i r ed  i o n i c  spec i e s  t o  pass t h e  mass ana lyzer ,  

and t h e  wavelength d r i v e  of t h e  monochromator was ac tua t ed .  Two types of 



l i g h t  sources  were used which gave over lapping  s p e c t r a  i n  t h e  wavelength 

r eg ion  of i n t e r e s t :  (a)  a  dc co ld  cathode type  source  opera ted  w i th  hydro- 

gen a s  t h e  f i l l e r  gas provided a  u s e f u l l y  i n t e n s e  spectrum between 900 

and 13008; (b)  a  Weissler type  r e p e t i t i v e  spark  source  opera ted  w i th  

0 
argon gave a  u s e f u l l y  i n t e n s e  spectrum between 450 and 1000A. Both l i g h t  

sources  emit l i n e  s p e c t r a ,  bu t  t h e  popula t ion  of emission l i n e s  made 

a v a i l a b l e  i s  s u f f i c i e n t l y  dense t o  provide  d a t a  p o i n t s  n o t  more than 108 

a p a r t  over  most of t h e  i n v e s t i g a t e d  wavelength range. The ion  y i e l d  cu rves  

thus  obtained a r e  s u f f i c i e n t l y  w e l l  de f ined  t o  a l low t h e i r  e x t r a p o l a t i o n  

t o  th reshold .  Since, i n  a d d i t i o n ,  polyatomic molecules do n o t  u sua l ly  

e x h i b i t  narrow s t r u c t u r e  i n  abso rp t ion  and photo ioniza t ion  c r o s s  s e c t i o n s ,  

t h e  many l i n e  r a d i a t i o n  source  employed h e r e  s u f f i c e  f o r  t h i s  s tudy.  

To d a t e ,  d e t a i l e d  da t a  have been ob ta ined  f o r  methane, methanol, 

formaldehyde and formic a c i d .  These subs tances  were introduced t o  t h e  

i on  source chamber v i a  an  a p p r o p r i a t e  l eak  va lve  a t  a  p r e s su re  of about  

Torr .  A t  t h e s e  h igh  source  p re s su re s  s a t e l l i t e  mass peaks due t o  

secondary i o n  r e a c t i o n s  were observed but  t h e i r  i n t e n s i t y  was i n s i g n i -  

f i c a n t .  These secondary peaks, f o r  example M33 from methanol, could be  

i d e n t i f i e d  e a s i l y  from t h e  f a c t  t h a t  t h e i r  t h r e sho lds  coincided w i t h  

t h a t  of t h e  pa ren t  peaks. Although t h e  e f f e c t  of t h e  s a t e l l i t e  ion  peaks 

could be reduced by working a t  lower pressures ,  i t  was advantageous t o  

make use of t h e  gene ra l l y  good ion i n t e n s i t i e s  provided i n  t h e  1 x loaJ  

Torr  p r e s su re  regime and t o  t o l e r a t e  t h e  appearance of secondary ions.  



4- Figure  7 shows, a s  a n  example, the  ion  y i e l d s  f o r  CH' and CH obser -  4 3 

ved i n  t h e  photo ioniza t ion  of methane i n  t h e  800-1000,!? wavelength reg ion .  

From t h e  y i e l d  curves t h e  onse t s  can be determined by ex t r apo la t ion .  We 

+ 4- 
f i n d  t h e  th re sho lds  f o r  CH a t  9768 and f o r  CH3 a t  874g. Af t e r  c o r r e c t i o n  

4 

f o r  t h e  involved s p e c t r a l  r e so lu t ion ,  t h e  r e s u l t i n g  threshold  wavelengths 

and a s soc i a t ed  ene rg i e s  a r e  

These va lues  a r e  i n  good agreement wi th  those  determined by Dibe ler ,  e t  a 1  67) 

and by Chupka. 

I n  a  s i m i l a r  manner, th resholds  f o r  va r ious  ions  have been de t e r -  

mined f o r  methanol and formaldehyde. These a r e  given i n  Table 2. The 

r e l a t i v e  ion  y i e l d s  a s  a  func t ion  of wavelength f o r  t h e s e  compounds and 

f o r  formic a c i d  have no t  y e t  been evaluated i n  d e t a i l ,  but  a s  supple- 

mentary information we g ive  i n  Table 3 t h e  ion  d i s t r i b u t i o n  f o r  a l l  t h e  

compounds i n v e s t i g a t e d  a t  t h e  photoionizing wavelength of 801fl. 

The threshold  energ ies  assembled i n  Table 2 w i l l  now be used t o  de- 

r i v e  some important s e l e c t e d  thermodynamic p r o p e r t i e s .  From t h e  appear-  

ance p o t e n t i a l s  of t h e  parent  ions of methanol and formaldehyde one ob- 

t a i n s  t h e  i o n i z a t i o n  energ ies  10.85 eV f o r  CH OH and 10.89 eV f o r  CH 0. 3 2 

These va lues  a r e  i n  e x c e l l e n t  agreement w i th  those  determined by Watanabe (49) 

and co l l abo ra to r s  using a  d i f f e r e n t  photo ioniza t ion  method. Next consider  

4- 
t h e  appearance p o t e n t i a l s  f o r  CH' and CH from methanol. Af t e r  s u b t r a c t i o n  3 2 





TABLE 2 

Photo ioniza t ion  Thresholds f o r  t he  Appearance of Ions  i n  Methanol and in  

Formaldehyde 

Threshold Wavelength (a)  
Compound Ion Observed Corrected Energy (eV) 





of t h e  spec t roscopic  i o n i z a t i o n  p o t e n t i a l s  (50)for CH3 and CH2, I ( a 3 )  = 

9.843 eV and I (CH ) = 10.396 eV, r e spec t ive ly ,  one ob ta ins  t h e  d isso-  
2  

c i a t i o n  energ ies  f o r  t he  processes  

The va lues  thus  der ived:  Dl = 3.98 - + 0.04 and D = 3.69 + 0.08 can be 
2 - 

u t i l i z e d  t o  d e r i v e  t h e  h e a t s  of formation of t h e  CH and CH r a d i c a l s  by 3 2 

v i r t u e  of t h e  r e l a t i o n s :  

Dl = LVIf (CH3) + LVIf (OH) - m (CH30H) 

The r e s u l t i n g  h e a t s  of formation a r e  LVI (CH ) = 1.49 + 0.04 eV = 34.3 + 1 
f 3 - 

kcal/mole, and AHf (CH ) = 4.07 + 0.08 = 93.6 + 2 kcallmole. These va lues  
2 - 

a r e  i n  good agreement w i th  those  der ived  by Chupkae8) and by Dibeler ,  e t  a 1  6 7) 

from t h e  photo ioniza t ion  of methane and CH r a d i c a l s ,  a l though Chupka's 
3  

+ va lues  a r e  more p rec i se .  From t h e  threshold  of CHO appearance from 

+ 
CH OH, t h e  h e a t  of formation of CHO can be der ived  v i a  t h e  r e l a t i o n  3 

which assumes t h a t  t h e  process  r e spons ib l e  f o r  t h e  formation of CHO+ i s  

+ CH30H + hv -, CHO + H2 + H 

+ Since t h e  threshold  of CHO occurs  a t  a  h igher  energy than  t h a t  of CH20 + 

of CH 0' it i s  resonable  t o  assume t h a t  t h e  above r e a c t i o n  r e q u i r e s  two 
3 



s t e p s ,  w i th  one of t h e s e  ions  a s  an in te rmedia te .  For example, 

J. + 
(CH30+)" -+ CHO + H* 

Here, t h e  a s t e r i s k  i n d i c a t e s  t h a t  t h e  in te rmedia te  i on  must be i n t e r n a l l y  

exc i t ed  t o  d i s s o c i a t e  f u r t h e r  i n  t h e  process  of CHO' formation. Since t h e  

d i s s o c i a t i o n  process  may r e q u i r e  an  a c t i v a t i o n  energy, t h e  th re sho ld  of 

+ 
CHO formation can provide only an  upper l i m i t  t o  t h e  hea t  of formation of 

+ 
CHoo+. The p re sen t  da t a  y i e l d  CHf (CHO ) < 8.62 _+ 0.10 eV = 198 _+ 2 k c a l .  

This  va lue  i s  i n  e x c e l l e n t  agreement wi th  t h e  h e a t  of CHO' formation pre-  

v ious ly  der ived  by u s  from t h e  photo ioniza t ion  of formaldehyde ( see  below), 

formic ac id ,  and acetaldehyde.  It h u s  appears  t h a t  t h e  a c t i v a t i o n  

energy involved i n  t h e  d i s s o c i a t i o n  of t h e  in te rmedia te  i s  n e g l i g i b l e .  

+ 
From t h e  th re sho ld  of CH 0 formation we f i n d  t h a t  t h e  energy involved 

2 

i s  by 0.19 eV o r  4.4 k c a l  h igher  than p red ic t ed  on account of t h e  process  

f o r  which a l l  t h e  r equ i r ed  thermodynamic va lues  a r e  known. Thus i t  

+ + 
appears  t h a t  t h e  in te rmedia te  f o r  CHO formation i s  CH30+ r a t h e r  than  CH20 . 

+ 
On t h e  o t h e r  hand, t h e  h e a t  of formation f o r  CH30 derived from t h e  threshold  

+ 
of i t s  observa t ion  is  AH (CH30 ) = 7.20 + 0.03 eV = 166 + 1 kca l ,  i n  

f  - - 

good agreement w i t h  a va lue  r e c e n t l y  der ived  by Haney and F rank l in  69 

from e l e c t r o n  impact mass spectrometry wi th  cons ide ra t ion  of t h e  excess  

k i n e t i c  energy of t h e  fragments.  



Simi lar  cons ide ra t ions  apply t o  t h e  da ta  f o r  formaldehyde. From t h e  

I- + 
th reshold  of CHO formation one ob ta ins  OH (CHO ) = 8 .51  I- 0.03  eV = 

f - 

196 - + 1 kca l .  Th i s  r e s u l t  has been r epor t ed  previously.  The formation 

of H+ is  due t o  t h e  process  
2 

The th re sho ld  of 15.42 eV i s  i n  good agreement w i th  t h a t  c a l c u l a t e d  f o r  

+ 
t h i s  process  from known a v a i l a b l e  thermochemical va lues  A (H ) = 15.40 eV. 

2 
+ The formation of H is  a s soc i a t ed  w i t h  

CH20 + hv + HCO + H+ 

This  process  a l lows  t h e  d e r i v a t i o n  of t h e  h e a t  of formation of CHO. Sub- 

t r a c t i n g  from t h e  threshold  energy f o r  H' formation the  i o n i z a t i o n  poten- 

t i a l  of t h e  hydrogen atom, I (H) = 13.595 eV, g ives  t h e  bond d i s s o c i a t i o n  

energy f o r  formaldehyde D (CHO - H) = 3.82 eV = 88 + 2 kcal/mole. The 

corresponding va lue  f o r  t h e  h e a t  of formation of CHO is OH (HCO) = 
f 

0.43 2 0.07 eV 10 kcal/mole. From t h i s  value,  t h e  d i s s o c i a t i o n  energy 

of theHCO r a d i c a l  can be c a l c u l a t e d  a s  D (H - CO) = 15.7 k c a l .  I n  d e r i v -  

ing  these  va lues  t h e  new h e a t  of formation of formaldehyde, (a) & (CH20) = f 

-25.9 kcal/mole, has  been used. The va lue  f o r  D (CHO - H) der ived  h e r e  

is t h e  h igh  va lue  of t h e  two p o s s i b i l i t i e s  discussed i n  t h e  l i t e r a t u r e .  

S imi la r ly ,  t h e  va lue  f o r  D (H - CO) der ived  h e r e  i s  t h e  low va lue  f o r  t he  

d i scussed  two p o s s i b i l i t i e s .  Independent evidence f o r  D (CHO - H) = 

88 kcal/mole has  been derived previous ly  by Haney and F rank l in .  ") From 

a d e t a i l e d  d i scuss ion  of previous da t a ,  Kerr  (54) has  a l s o  favored t h i s  

value.  

3 0 



Although an a n a l y s i s  of t h e  formic a c i d  d a t a  i s  even l e s s  complete 

than  t h e  ones d iscussed  above, a check has  been made on t h e  hea t  of 

formation of t he  CHO r a d i c a l  by t h e  observa t ion  of t h e  threshold  f o r  t h e  

process  

HCOOH + hv + HCO -I- OH+ 

which was observed t o  occur a t  690g, corresponding t o  17.97 eV. The v a l u e  

f o r  t h e  h e a t  of formation of HCO der ived  from t h i s  process  is mf (CHO) = 

0.45 eV = 10.5 k c a l .  This  i s  i n  good agreement w i th  t h e  va lue  found above 

from formaldehyde, support ing t h e  h igh  va lue  f o r  AH (CHO) and f o r  D (CHO - H). 
f  

4. Measurement of I o n i c  M o b i l i t i e s  

The e f f o r t  under t h i s  heading r e p r e s e n t s  a con t inua t ion  of  previous 

work concerning t h e  t i t l e  s u b j e c t .  It has  been demonstrated previous ly  (55 ) 

t h a t  t h e  photo ioniza t ion  mass spectrometer  technique can be employed t o  

ob ta in  r e l i a b l e  d r i f t  v e l o c i t y  da t a  f o r  mass analyzed ions  produced by 

photo ioniza t ion .  I n  t h i s  manner it is  poss ib l e ,  i n  p r i n c i p l e ,  t o  pre-  

s e l e c t  t h e  energy s t a t e  of t h e  ion  by a n  a p p r o p r i a t e  choice  of varying 

wavelengths, and t o  i d e n t i f y  t h e  ion  sub jec t ed  t o  measurement by t h e  

employed mass spectrometer .  

The exper imenta 1 s e t  up and t h e  a p p l i e d  experimenta 1 procedures have 

been descr ibed  i n  d e t a i l  p rev ious ly  (55'56) and w i l l  be summarized only 

b r i e f l y  here .  The c y l i n d r i c a l  ion  chamber con f igu ra t ion  employed f o r  

t h i s  a p p l i c a t i o n  of t h e  instrument  i s  convent ional  i n  t h a t  ions  formed 

along t h e  a x i s  of t h i s  l i g h t  beam a r e  d r iven  t o  t h e  ion  e x i t  a p e r t u r e  



by a n  e l e c t r i c  f i e l d  e s t a b l i s h e d  perpendicular  t o  t h e  d i r e c t i o n  of t h e  

l i g h t  beam. The p l ane  r e p e l l e r  is  supported by a  hollow stem so  t h a t  

t h e  gas p re s su re  i n  t h e  source can be  measured d i r e c t l y  w i th  a n  a t t ached  

McLeod manometer. A s  a  consequence of t h e  ion  source  geometry t h e  e l e c -  

t r i c  f i e l d  i s  inhomogeneous everywhere except i n  t h e  v i c i n i t y  of t h e  a x i s  

of ion  removal. The f i e l d  i n  t h i s  reg ion  was c a l c u l a t e d  from t h e  app l i ed  

vo l t age  and from t h e  d i s t a n c e  between t h e  r e p e l l e r  and t h e  ion  e x i t  

ape r tu re ,  t h e  p o s i t i o n s  of which were ad jus t ed  t o  a  spacing of 0.70 cm. 

A smal l  c o r r e c t i o n  was r equ i r ed  t o  t ake  i n t o  account t h e  s l i g h t  f i e l d  

inhomogeneity near  t h e  r e p e l l e r .  This  was shown by a  f i e l d  p l o t t i n g  

method previous ly  . (55) 

The l i g h t  source  i s  a  Weiss le r  type  r e p e t i t i v e  spark  source, pro- 

v id ing  120 pu l se s  pe r  m i n u t e d  about one microsecond du ra t ion  each. Th i s  

time i s  s u f f i c i e n t l y  s h o r t  t o  provide a n  e s s e n t i a l l y  ins tan taneous  i o n  

depos i t ion ,  un le s s  t h e  r e s idence  t ime of t h e  ions  i n  t h e  ion  chamber be- 

comes comparable. Under t h e  app l i ed  condi t ions  of p re s su re  and e l e c t r i c  

f i e l d ,  ion  r e s idence  times a r e  u s u a l l y  longer  than  10 microseconds. A 

f u r t h e r  necessary experimental  condi t ion  f o r  mobi l i ty  s t u d i e s  i s  t h a t  

t h e  mean f r e e  path of t h e  ions  i s  s h o r t  compared wi th  t h e  d r i f t  d i s t ance .  

This  cond i t i on  i s  met a t  p re s su re s  above about 80 microns. 



Due t o  d i f f u s i o n ,  t h e  ion  t r a n s i e n t  broadens wh i l e  d r i f t i n g  from 

t h e  plane of o r i g i n  toward t h e  ion  e x i t  plane.  Thus, t h e  i n i t i a l l y  

r ec t angu la r  ion  t r a n s i e n t  p r o f i l e  is  changed t o  a  Gaussian p r o f i l e .  

The average ion  r e s idence  time, i s  de f ined  a s  t h e  t ime span r equ i r ed  * 0 

f o r  t h e  c e n t e r  of t h e  p r o f i l e  t o  reach t h e  e x i t  a p e r t u r e  a f t e r  depos i t i on  

of t h e  ions by t h e  l i g h t  pulse.  Accordingly, t h e  ion  d r i f t  v e l o c i t y  i s  

v  = d/r0,  w i t h  d  being t h e  d r i f t  d i s t a n c e  ( 0 . 3  cm i n  t h e  p re sen t  a r range-  

ment). Due t o  t h e  process  of d i f f u s i o n  broadening, some ions  a r r i v e  a t  

t h e  e x i t  a t  a n  e a r l i e r  time T < T . It has  been shown previous ly  t h a t  
0 

T and T a r e  r e l a t e d  by t h e  equat ion 
0 

where D is t h e  i o n i c  d i f f u s i o n  c o e f f i c i e n t  and f is  a  f a c t o r  depending 

upon t h e  th re sho ld  s e n s i t i v i t y  f o r  t h e  d e t e c t i o n  of t h e  onse t  of t h e  i o n  

pulse.  I f  t h e  d e t e c t i o n  l i m i t  i s  10 percent  of t h e  t o t a l  i n t e g r a t e d  i o n  

pulse,  f  = 1.28, i f  i t  is f i v e  percent  of t h e  i n t e g r a t e d  ion  pulse ,  f  = 1.65. 

The former f a c t o r  has  been used previously,  ( 56) but  due t o  t h e  increased  

s e n s i t i v i t y ,  t h e  l a t t e r  va lue  w i l l  be  used he re .  Then, t h e  measurement 

of both T and T w i l l  provide t h e  i o n i c  d i f f u s i o n  c o e f f i c i e n t  
0 



Knowledge of t h e  d i f fus ion  coef f i c ien t  and t h e  i o n i c  mobility p = V/E 

provides the  average energy content of t h e  d r i f t i n g  ions. To der ive  t h e  

random energy of t h e  ions, expressed a s  t h e  ion ic  temperature T w e  
i' 

make use of a r e l a t i o n  due t o  E ins te in  (see  f o r  example Huxley and 

Crompton) (97) 

where e is  t h e  i o n i c  charge, k i s  t h e  Boltzmann constant,  and F is  a 

f a c t o r  depending on t h e  ve loc i ty  d i s t r i b u t i o n  funct ion of the  ions. For 

a Maxwellian d i s t r i b u t i o n  F = 1, f o r  o the r  d i s t r i b u t i o n s  F is  usual ly  

somewhat smaller  than unity.  Here it w i l l  be assumed t h a t  F = 1. Then 

t h e  ion temperature i s  defined a s  

e l d  ( 1  - T/T ) L  - 0 
T i = g  5 

2 d T 0  
E 

The formula then reduces t h e  ion  d r i f t  ve loci ty ,  t h e  ionic  d i f fus ion  

coef f i c ien t ,  and t h e  ion temperature t o  t h e  residence times T and T i n  
0 

t h e  ion chamber. These q u a n t i t i e s  a r e  determined experimentally from 



t h e  t ime de lay  of t h e  ion  pulse  a r r i v i n g  a t  t h e  mass spectrometer  d e t e c t o r ,  

a f t e r  a  group of i ons  i s  formed by t h e  l i g h t  pu lse .  Delay t imes a r e  

measured a s  a  func t ion  of t h e  r e p e l l e r  p o t e n t i a l  and a  g raph ica l  e x t r a -  

p o l a t i o n  toward i n f i n i t e  r e p e l l e r  p o t e n t i a l  i s  app l i ed  t o  enable  a  

s epa ra t ion  of t he  ion  source  r e s idence  times from t h e  mass spectrometer  

f l i g h t  t ime of t h e  ions.  The d e t a i l s  of t h i s  procedure have been publ ished.  (56) 

Below we r e p o r t  d a t a  on t h e  parent  ions  i n  t h r e e  gases:  argon n i t r o -  

gen and oxygen. 

( a )  Argon 

4- 
The d r i f t  v e l o c i t i e s  observed f o r  A i n  argon a r e  p l o t t e d  i n  

F igu re  8 a s  a  func t ion  of t h e  reduced f i e l d  s t r e n g t h  E / P ~ ,  f o r  t h r e e  

va lues  of t h e  e l e c t r i c  f i e l d  and var ious  s e t t i n g s  of p re s su re  i n  t h e  

range  70-210 microns. The lower group of da t a  p o i n t s  r e p r e s e n t s  measure- 

ments w i th  t h e  monochromator s e t  t o  t r ansmi t  a  wavelength of 7868(with 3.58 

ha l fwid th) ,  so  t h a t  only argon ions  i n  t h e  2~312 ground s t a t e  a r e  formed. 

The upper group of da t a  p o i n t s  was obta ined  a t  7678. I n  t h i s  ca se  exc i t ed  

'P argon ions  areformed i n  a d d i t i o n  t o  t hose  i n  t h e  ground s t a t e .  A t  
112 

7868, t h e  ion  t r a n s i e n t  observed wi th  t h e  o s c i l l o s c o p e  was f a i r l y  symmetric 

and t h e  c e n t e r  of t h e  pu l se  was used t o  d e r i v e  t h e  d r i f t  v e l o c i t i e s .  

A t  7672 a n  a d d i t i o n a l  component was present ,  t h e  i on  t r a n s i e n t  had an  

asymmetric appearance, and t h e  peak of t h e  pu l se  (which was used t o  

d e r i v e  t h e  d r i f t  v e l o c i t y )  s h i f t e d  forward. The two types of o sc i l l o scope  

t r a c e s  a r e  shown i n  F igu re  9 f o r  comparison. Clear ly ,  t h e  exc i t ed  argon 





F i g u r e  9 .  Argon i o n  t r a n s i e n t s .  Lower t r a c e :  7868; 
upper t r a c e :  767g. 



ion  moves f a s t e r  than  t h e  ground s t a t e  ion. Since t h e  mobi l i ty  of an  

ion, l i k e  i t s  d i f f u s i o n  c o e f f i c i e n t ,  is inve r se ly  p ropor t iona l  t o  i t s  

c ros s  s e c t i o n  f o r  momentum t r a n s f e r  t o  t h e  n e u t r a l  gas ,  s u i t a b l y  aver -  

aged over t h e  range of v e l o c i t i e s ,  t h e  da t a  i n d i c a t e  t h a t  t h e  momentum 

t r a n s f e r  c r o s s  s e c t i o n  f o r  t h e  exc i t ed  argon ion  i s  smal le r  than  t h a t  

f o r  t h e  ground s t a t e  argon ion. For both types  of argon ions  moving i n  

t h e  parent  gas, t h e  momentum t r a n s f e r  c r o s s  s e c t i o n  is  governed mainly 

by charge t r a n s f e r .  Theore t i ca l ly  one would p r e d i c t ,  on t h e  assumption 

t h a t  t h e  reduced mat r ix  elements governing t h e  two charge t r a n s f e r  

c ros s  s e c t i o n s  a r e  nea r ly  equiva len t ,  t h a t  t h e  d i f f e r e n c e  i n  c r o s s  s e c t i o n s  

is  due t o  t h e  d i f f e r e n c e s  i n  t h e  degeneracy of t h e  two processes .  Thus, 

t h e  summation over a l l  p o s s i b l e  magnetic quantum number combinations 

i n d i c a t e s  Q 
+ 2 

groundlQexcit  ed = 2, because t h e  resonant  process  A ( PgI2) 
1 + 2 1 + A ( So) i s  a 4 f o l d  degenerate,  wh i l e  t h e  process  A ( PL12) + A( So) 

is  2 f o l d  degenerate .  The observed i n c r e a s e  i n  mobi l i ty  when going from 

t h e  ground s t a t e  t o  t h e  exc i t ed  s t a t e  i s  about  t h r e e  a t  t h e  lower end 

of t h e  reduced f i e l d  s t r eng ths .  Towards h ighe r  f i e l d s ,  t h e  r a t i o  becomes 

smal le r  due t o  t h e  f a c t  t h a t  t h e  d r i f t  v e l o c i t y  f o r  t h e  exc i t ed  argon 

ions  inc reases  w i th  E/P approximately w i t h  1 / 2  power, whereas t h e  d r i f t  

v e l o c i t y  of ground s t a t e  argon ions  inc reases  e s s e n t i a l l y  l i n e a r l y  w i th  

E/P. 

The da t a  obta ined  f o r  ground s t a t e  argon ions  a r e  found t o  be i n  

e x c e l l e n t  agreement w i th  previous measurement. Two s e t s  of previous 

da t a  a r e  shown i n  F igu re  8 , t hose  by Biondi and ~ h a n i n ' ~ ~ )  a r e  



represented  by t h e  s o l i d  l i n e  and those  by Beaty, e t  a l .  (") a r e  i nd ica t ed  

by t h e  dashed l i n e .  Two more r ecen t  measurements, l i k e  t h e  present  one 

wi th  mass i d e n t i f i c a t i o n ,  were made by McAfee, e t  a l .  (6Q) and by Madson 

and Oskam. (61) They a r e  i n  good agreement w i t h  t h e  former and t h e  present  

measurements. An e x t r a p o l a t i o n  of t h e  p re sen t  d a t a  t o  zero e l e c t r i c  

2 f i e l d  leads  t o  a  reduced zero f i e l d  mobi l i ty  of A' of p = 1.5 cm /see  v o l t .  

It must be  r e a l i z e d  t h a t  t h e  d r i f t  v e l o c i t i e s  of t h e  e x c i t e d  argon ions  

cannot be measured wi th  t h e  same r e l i a n c e  a s  t h a t  of t h e  ground s t a t e  

ions ,  because t h e  two ion  t r a n s i e n t s  cannot be s u f f i c i e n t l y  separa ted  

s o  t h a t  t h e  a r r i v a l  t ime of t h e  cen te r  of t h e  exc i t ed  ion  t r a n s i e n t  is  

f a l s i f i e d  by t h e  c o n t r i b u t i o n  due t o  t h e  normal argon ions .  Accordingly, 

t h e  da t a  presented h e r e  f o r  t h a t  i on  spec i e s  must be considered t e n t a t i v e .  

Q u a l i t a t i v e l y ,  however, t h e r e  can be no doubt about t h e  increased  d r i f t  

v e l o c i t y  of t h e  exc i t ed  ion  compared wi th  t h e  ground s t a t e  ion.  The 

importance of t h i s  f i nd ing  should n o t  be underrated.  It has  been made 

p o s s i b l e  s o l e l y  by t h e  energy d i f f e r e n t i a t i o n  provided by t h e  method of 

photo ioniza t ion .  

The good r e s u l t s  ob ta ined  f o r  ground s t a t e  ions i n  argon have en- 

couraged measurement of d i f f u s i o n  c o e f f i c i e n t s  and ion  temperatures  

according t o  t h e  methods o u t l i n e d  above. These a r e  shown i n  F igures  

10 and 11. The s t r a i g h t  l i n e  i n  F igure  10 i s  c a l c u l a t e d  from t h e  thermal,  

zero f i e l d  mobi l i ty  of t h e  argon ions .  The da t a  p o i n t s  ag ree  wi th  t h e  c a l  

c u l a t e d  d i f f u s i o n  c o e f f i c i e n t s ,  i n d i c a t i n g  t h a t  t h e  energy t h a t  t h e  argon 

ions  acqu i r e  from t h e  f i e l d  i s  qu ick ly  passed on t o  t h e  n e u t r a l  argon 



Figu re  10: 4- 2 
Di f fus ion  c o e f f i c i e n t s  f o r  A ( P ) ions  i n  argon.  So l id  

312 
l i n e  ca lcu  l a t e d  for  therma 1 ions .  
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F i g u r e  11: Temperature of A ( P ) i o n s  a s  a f u n c t i o n  of E / P ,  

31 2 

400--- 

300 

r ---- 

0 E = 1.28 vo!ts/cm 

O E = 2.56 volts /cm 

- 

- 

- 

1 



matrix. This behavior is  r e f l e c t e d  a l s o  i n  t h e  derived ion temperature, 

which lies only l i t t l e  above t h a t  corresponding t o  thermal ions. A con- 

s ide rab le  s c a t t e r  of t h e  data  points  i n  Figure # makes apparent t h a t  

a n  accura te  determination of ion  temperatures is  not  poss ib le  by t h i s  

method. However, t h e  good agreement of ion temperature and di f fus ion 

c o e f f i c i e n t s  with t h e  expected ion behavior ind ica tes  t h e  v a l i d i t y  of t h e  

concepts underlying t h e i r  derivation.  

(b) Nitrogen 

D r i f t  v e l o c i t i e s  observed f o r  n i t rogen ions formed from mol- 

ecular  n i t rogen a t  an ioniz ing wavelength of 7902 were repor ted  previously 

by us  and a r e  shown i n  ~ i ~ u r e f k .  There is good agreement wi th  t h e  re- 

s u l t s  of Saparoschenko (15% and Keller, e t  a l .  ( 63) who a l s o  used mass 

identif icat ion of t h e  ions. Similar  t o  t h e  behavior of argon ions, an 

+ increase  of d r i f t  v e l o c i t i e s  was observed f o r  N a s  the  ioniz ing wave- 
2 

length was lowered. However, t h e  mobility increase  occurred a t  i s o l a t e d  

wavelengths, and was then c l e a r l y  recognizable a s  a n  asymmetry of the  ion  

t r ans ien t .  A very s t rong asymmetry occurred a t  76&, and d r i f t  v e l o c i t i e s  

corresponding t o  t h e  peak of t h e  ion  pulse  a t  t h i s  wavelength a r e  shown 
, - 

i n  F i g u r e  '1.2 a s  t h e  upper group of data  points.  The increase  i n  ion mo- 

b i l i t y  appears t o  occur a t  wavelengths where t h e  emission l i n e s  a v a i l a b l e  

from t h e  l i g h t  source coincide with autoionizat ion fea tu res  i n  t h e  N 2 

absorption spectrum. A t  7648, the  wavelength inves t igated  here, t h e  l i n e  

group emitted from t h e  source overlaps t h e  v(1-0) t r a n s i t i o n  a t  764.358 

of t h e  Ogawa and Tanaka (64 )  progression (1) s e r i e s  which, having a high 





i o n i z a t i o n  e f f i c i e n c y  produces a  cons iderable  populat ion of v i b r a t i o n a l l y  

e x c i t e d  N+ (v = 1 )  ions.  Accordingly, t h e  increased  mobi l i ty  v a t  7642 
2 

-t- 
i s  due t o  v i b r a t i o n a l l y  exc i t ed  N ions ,  whereas a t  790a only ground s t a t e  

2 

n i t r o g e n  ions  a r e  formed. S imi la r  t o  t h e  r e s u l t s  d i scussed  above f o r  

+ 
argon ions,  t h e  N ion mobi l i ty  i n c r e a s e s  by a  f a c t o r  of about  3 f o r  

2 

v i b r a t i o n a l l y  exc i t ed  ions.  A s i m i l a r  behavior  w i t h  E/P is  observed 

a s  f o r  ions  i n  argon. 

F igures  13 and 14 show t h e  d i f f u s i o n  c o e f f i c i e n t s  and t h e  ion  tem- 

+ p e r a t u r e s  determined f o r  N (v  = O), r e spec t ive ly .  Unlike t h e  behavior  
2 

of argon ions ,  t h e  d i f f u s i o n  c o e f f i c i e n t s  a r e  much h igher  than  t h a t  f o r  

thermal  i ons  ( i nd ica t ed  by t h e  s o l i d  l i n e ) ,  and t h e  ion  temperatures  

der ived  l i e  a l s o  cons iderably  above therma 1 values ,  Both f a c t o r s  i n d i -  

c a t e  a n  apprec i ab le  energy content  of N' i ons  i n  t h e  presence of e l e c t r i c  
2 

f i e l d s .  Note a l s o  t h a t  both d i f f u s i o n  c o e f f i c i e n t s  and ion  temperatures  

i nc rease  a s  t h e  f i e l d  s t r e n g t h  i s  increased.  

The d r i f t  v e l o c i t i e s  determined f o r  0' ions a s  a  func t ion  of 
2 

E/P a r e  shown i n  F igu re  15. These d a t a  were obta ined  wi th  an i o n i z i n g  

wavelength of 10078, and good agreement i s  observed wi th  t h e  r e s u l t s  of 

previous i n ~ e s t i ~ a t i o n s ' ~ ~ ' ~ ~ )  i n  which t h e  i d e n t i t y  of t h e  ion  was 

i n f e r r e d  r a t h e r  than  determined. A t  10078, photo ioniza t ion  of 0 may 
2 

+ 
l ead  t o  0 i n  t h e  f i r s t  v i b r a t i o n a l l y  exc i t ed  s t a t e ,  bu t  from t h e  r e s u l t s  

2 



6 E. = 1.28 volts Pcm 

I Q  0 E =2 .56  usttsdcrn 

5 

5 

RECIPROCAL PRESSURE ( torr -I) 

+ 
F i g u r e  13: D i f fu s ion  coefficients f o r  N2 (v = 0) ions in nitrogen. 
Solid Line calculated for thernia l i o n s .  



F i g u r e  14: 4- Ion  te ioperature  f o r  M., (v = 0 )  i n  n i t r o g e n  a s  a f u n c t i o n  f 
G J P .  

- 





i t  appears  t h a t  t h e  d i r e c t  photo ioniza t ion  p r o b a b i l i t y  f o r  t h e  formation 

of 0' (V = 1 )  i s  only a  very smal l  f r a c t i o n  of t h a t  lead ing  t o  ground 
2 

s t a t e  0: ions.  Unfortunately,  a  s u f f i c i e n t l y  s t rong  emission l i n e  was 

no t  a v a i l a b l e  i n t h e  r eg ion  1007-10278 (where 0 i o n i z a t i o n  i n i t i a t e s ) ,  
2  

s o  t h a t  t h e  0: (v = 1 )  formation could no t  be p o s i t i v e l y  excluded. How- 

+ 
ever ,  s i m i l a r  t o  t h e  previous case  (N ),an inc rease  i n  mobi l i ty  was ob- 

2 

served  a t  a u t o i o n i z a t i o n  f e a t u r e s  of oxygen. F igure  16 shows t h a t  wave- 

lengths  a t  which t h e  0' r e s idence  t ime i n  t h e  ion  source  chamber de- 
2 

creased  when t h e  o t h e r  experimental  condi t ions  a r e  kep t  cons tan t .  Each 

such decrease  of r e s idence  time (o r  i nc rease  of  ion  mob i l i t y )  c o r r e l a t e s  

w i t h  an  au to ion iza t ion  f e a t u r e  i n  t h e  absorp t ion  spectrum of oxygen 

i n  t h e  900-10002 wavelength reg ion  h e r e  i nves t iga t ed .  The l i m i t e d  number 

of s t rong  emission l i n e s  a v a i l a b l e  from t h e  l i g h t  source  prevents  t h e  

demonstration t h a t  a n  inc rease  o f  mobi l i ty  is a s s o c i a t e d  wi th  every 

s u f f i c i e n t l y  e n e r g e t i c  au to ion iz ing  f e a t u r e ,  bu t  t h e  number of a v a i l a b l e  

l i n e s  appears  t o  be  s u f f i c i e n t  t o  prove t h e  poin t .  The v a r i a t i o n  i n  

r e s idence  times observed is  due t o  t h e  degree of over lap  of emission and 

abso rp t ion  i n t e n s i t i e s  and t h e  vary ing  i o n i z a t i o n  e f f i c i e n c i e s .  

F igures  17and 18 show t h e  d i f f u s i o n  c o e f f i c i e n t s  and ion  temperatures  

+ 
de r ived  f o r  O2 formed a t  10078. Again i t  i s  ev ident  from both groups of 

d a t a  t ha t  t h e  ions  d r i f t i n g  i n  t h e  e l e c t r i c  f i e l d  a r e  non-thermal, a l though 

t h e  inc reases  i n  t h e  d i f f u s i o n  c o e f f i c i e n t  and t h e  ion  temperature above 

thermal  va lues  a r e  not  a s  d r a s t i c  a s  was found f o r  n i t r o g e n  ions .  



F i g u r e  16 : C o r r e l a t i o n  of  oxygen on r e s i d e n c e  t ime  w i t h  a u t o i o n i z a -  
t i o n  f e a t u r e s  i n  t h e  a b s o r p t i o n  s p e c t r u m  of  oxygen. 





F i g u r e  18 : Ion t e m p e r a t u r e  f o r  oxygen i o n s  i n  oxygen a s  a f u n c t i o n  of  
E /P .  



B. THEORETICAL STUDIES 

During t h e  c u r r e n t  q u a r t e r l y  r e p o r t i n g  per iod  a  number of 

t h e o r e t i c a l  s t u d i e s  were performed i n  accordance w i t h  t h e  t a s k s  s p e c i f i e d  

+ i n  t h e  s u b j e c t  work s ta  tement. S p e c i f i c a l l y ,  CO dayglow on Mars and 
2 

Venus and spectrography of t h e  lunar  atmosphere which a r e  d iscussed  

below i n  t h e  ind ica t ed  order .  

+ 1. CO Dayglow on Mars and Venus 
-2 

The ground-based observa t ions  of Kozyrev 67 ) i n d i c a t e  t h e  occurrence 

-2 
of t he  (jj211 - A IIU) emission bands of CO: i n  t h e  dayglow of Venus ( 68) 

g  

and the  Mariner 6 observa t ions  of Barth, e t  a 1  (69) have e s t ab l i shed  t h a t  

-2 -2 -2 -2 + 
t h e  (X II - A II ) and (X II - B C ) emission bands a r e  important compon- 

g  u  g  u  
-2 -2 + + 

m t s  of t h e  dayglow of Mars. The exc i t ed  A II and B XU l e v e l s  of C02 
u  

can be populated by d i r e c t  photo ioniza t ion  of CO by s o l a r  r a d i a t i o n ;  2 

+ .  
by f luo rescen t  s c a t t e r i n g  of s o l a r  r a d i a t i o n  by p re -ex i s t i ng  CO Ion 

2 

and by simultaneous e x c i t a t i o n  and i .onizat ion of CO by photoe lec t ron  impact: 
2  



In  t h i s  paper we s h a l l  inves t iga te  each of the  th ree  mechanisms and 

+ 
c a l c u l a t e  t h e i r  cont r ibut ions  t o  the  CO dayglow on the  p lanets  Mars and 

2 

Venus. 

Cross sec t ions  f o r  the  absorption of r ad ia t ion  by CO have been 2 

measured by Tanaka, Ju r sa  and LeBlanc, (70) Tanaka and Ogawa, (71) by Nakata, 

Watanabe and Matsunaga, by Cook, Metzger and Ogawa, (73) and by Dibeler 

and Walker . (74 

Photons of wavelengths X shor te r  than 9028 can ion ize  CO leaving 
2 

+ 
CO in  i t s  ground e lec t ron ic  s t a t e :  

2 

For 1 < 7162, i t  i s  energe t i ca l ly  poss ib le  t o  populate a l s o  the  f i r s t  

+ 
exci ted  s t a t e  of CO i n  a photoionizing t r a n s i t i o n  2 

and f o r  X < 6872 the  second exci ted  s t a t e  



For wavelengths s h o r t e r  than 640g, i t  is  poss ib l e  t o  produce CO' ions 2 

i n  t h e  t h i r d  exc i t ed  s t a t e  

The t o t a l  pho to in i za t ion  c r o s s  s e c t i o n s  f o r  CO have been measured 
2  

by Nakata, e t  a l ,  (72) by Cairns and Samson, (75) by cook, e t  a l ,  (73) and 

by Dibe ler  and Walker ( 74 )  and t h e  branching r a t i o s  a p p r o p r i a t e  t o  t h e  

2 2 + 2 + + 
x211 A IIU, B Zu, and C Z  s t a t e s  of CO have been measured by Bahr, €2 g 2  

Blake, Carver and Kumar. (76)  

I f  we assume t e n t a t i v e l y  t h a t  t h e  n e u t r a l  components of t h e  atmos- 

pheres of Mars and Venus a r e  e f f e c t i v e l y  pure CO t h e  t o t a l  r a t e s  of 2.' 

populat ion of t h e  e l e c t r o n i c  l e v e l s  of CO' by photo ioniza t ion  can be c a l -  
2 

cu l a t ed  d i r e c t l y  from t h e  c ros s  s e c t i o n  da t a  and t h e  inc iden t  s o l a r  f lux .  

Our adopted s o l a r  f l u x  i s  based on t h e  1967 measurements r epo r t ed  by 

Hint eregger  (77) f o r  which the  s o l a r  10.7 cm f l u x  was FlO. 7= 144. We 

sca l ed  t h e s e  da t a  app ropr i a t e ly  f o r  Mars and Venus and f o r  t h e  10.7 cm 

f l u x  F10,7 = 162, a d j u s t e d  f o r  b u r s t ,  t h a t  was measured a t  t h e  t ime of 

t h e  Mariner 6  f l i g h t  p a s t  Mars. 

The r e s u l t s  f o r  Mars and f o r  Venus a r e  presented i n  Tables  4 and 5 

r e s p e c t i v e l y  f o r  va r ious  s o l a r  z e n i t h  angles ,  Z .  The t a b l e  con ta ins  t h e  



Table 4 

+ 
Total production rate of C 0 2  states by 

photoionization on Mars in units of 10 9 

d2 set-l at various solar zenith angles zO. 



Table 5 

+ 
T o t a l  product ion r a t e  of C02  by photo ioniza t ion  

on Venus i n  u n i t s  of 10' cm2 sec-I  a t  va r ious  

s o l a r  z e n i t h  angles  zO. 



r a t e s  of popula t ion  i n  a  v e r t i c a l  column. I f  no deac t iva t ion  o r  cas-  

cading occurred, t h e  r a t e s  would be a l s o  t h e  emission i n t e n s i t i e s  i n  

- 2  - 1 -2 -2 -!- 
photons cm sec  . Deact iva t ion  of t h e  A IL and B C s t a t e s  i s  neg- 

u  g  
-7 (78-80) but the l i g i b l e  s i n c e  the'  r a d i a t i v e  l i f e t i m e s  a r e  about  10 s e c  

-2 + -2 -2 + 
C C s t a t e  decays t o  both t h e  A and B C s t a t e s  g iv ing  r i s e  t o  emission 

g  g  

i n  t h e  r ed  and i n f r a - r e d  r e g i o n d  t h e  spectrum. 

We assume a r b i t r a r i l y  t h a t  t h e  branching r a t i o  f o r  cascade i n t o  t h e  

-2 -2 + 
A II and B C s t a t e s  i s  4 : l .  The p red ic t ed  i n t e n s i t i e s  i n  k i l o r a y l e i g h s  

u g  
N 2  -2 -2 -2 + 

of t h e  X II - A II and X 11 - B C emission systems a r e  given i n  Table 6. 
g  u  g  U 

The r a t e  of popula t ion  f o r  each molecular i on  of CO' by f l u o r e s c e n t  
2  

s c a t t e r i n g  is  given by 

-21 2  -1 
g  = 8.85 x  10 I f  X s e c  

where I i s  t h e  s o l a r  continuum i n t e n s i t y  a t  t h e  abso rp t ion  wavelength 

0 
XA measl r ed  i n  photons s e c - I  x-' and f  i s  t h e  band o s c i l l a t o r  s t r e n g t h .  

-2 
For t h e  l i f e t i m e  of t h e  A II s t a t e ,  Schwenker 

U 
( 78) has measured a  va lue  

of 1 .39 x l o m 7  s e c  and Hesser and Dres s l e r  ( 81) and Hesser (80)  a  va lue  of 

1.1 x  1 0  s e .  The va lues  a r e  i n  harmony wi th  t h a t  der ived by Anton ( 79 )  

from p res su re  quenching measurements. The system o s c i l l a t o r  s t r e n g t h  

- 7 - 2  corresponding t o  a  l i f e t i m e  of 1.1 x 10 s e c  i s  f  = 1.5  x  10 . Taken 

i n  conjunct ion  wi th  t h e  r e l a t i v e  p r o b a b i l i t i e s  of Poul izac and Dufay ( 82) 

and t h e  s o l a r  f l u x e s  a t  t h e  band heads, t h i s  o s c i l l a t o r  s t r e n g t h  g ives  

-2 a g  va lue  f o r  t h e  A II popula t ion  of 1.1 x l o w 2  a t  Mars and 4 .9  x  l o m 2  a t  
u  

Venus. 



Table 6 

Predicted intensities in kilorayleighs of the 
- - - - -4 x2n - A ' R ~  and x211 - B ~ z ,  band systems result- 

g g 
ing from photoionization on Mars and Venus at 

0 various solar zenith angles Z . 

Mars Venus 



-2 + For t h e  B Xu s t a t e  of C O ~ ,  Hesser and Dress ler  ( 81) and Hesser c89 

have measured a l i f e t i m e  of 1.19 x lo-' s ec  consis tent  with a n  absorpt ion 

- 3 o s c i l l a t o r  s t r eng th  of 5.3 x 10 . The corresponding g-value a t  Mars 

i s  1.2 x lom3 and t h e  g- value  a t  Venus is  5.2 x I n  making these  

est imates of s c a t t e r i n g  e f f i c ienc ies ,  Fraunhofer absorption has been i g -  

nored. 

I f  we assume t e n t a t i v e l y  t h a t  t h e  ion ic  components of t h e  atmos- 

+ pheres a r e  pure CO' t h e  t o t a l  r a t e s  of emission of t h e  two C02 band 
2' 

systems can be ca lcula ted  d i r e c t l y  from t h e  measured e lec t ron  dens i t i e s .  

For Mars, t h e  t o t a l  e l ec t ron  content derived from Mariner 4 occul ta t ion  

11 -2 data was about 4.2 x 10 cm f o r  a s o l a r  zeni th  angle of 67 0 ( 83, '84) 

12 -2 and from Mariner 6 data  it was about 1.2 x 10 cm f o r  a s o l a r  zen i th  

For Venus t h e  t o t a l  e lec t ron content  derived from angle of 56 . 
12 -2 Mariner 5 occu l t a t ion  data was about 1.6 x 10 cm f o r  a s o l a r  zen i th  

0 (hi> angle of 33 . 

The measured Venus ion iza t ion  p r o f i l e  i s  consis tent  with a pure CO 2 

atmosphere and d i s soc ia t ion  recombination of CO + We have extended 2' 

t h e  equil ibrium ca lcu la t ions  of McElroy t o  o ther  zeni th  angles and 

w e  obta in  t h e  t o t a l  ioniza t ion contents  of Table 7, sca led  l i n e a r l y  t o  

t h a t  observed a t  33O. 

We adopt a s imi la r  model f o r  Mars, but  sca led  l i n e a r l y  t o  t h e  ob- 

served t o t a l  e l ec t ron  contents  at 56O o r  67'. The corresponding ioniza-  

t i o n  contents  on Mars a t  var ious  s o l a r  zeni th  angles a r e  included i n  
.I" 
; i 

Table '7. The l i n e a r  sca l ing  procedure is  an a r b i t r a r y  one. 



Table  7 

T o t a l  i o n i z a t i o n  c o n t e n t  i n  1 0  on Mars 

and Venus a t  v a r i o u s  s o l a r  z e n i t h  a n g l e s  zO. 

Mars 

Z Mariner  4 Mariner 6 

0 6.4 1 5 . 1  

Venus 

Mariner 5 



-2 -2 + 
The contr ibut ions  t o  t h e  $211 - x % ~  and X I1 - B Z emission inten- 

g g u 

s i t i e s  from f luorescent  a a t t e r i n g  by CO+ a r e  given i n  k i lorayle ighs  i n  2 

Table 8. 

The photoelectrons produced by photoionizat ion lose  energy through 

exc i t a t ion  and ionizat ion of CO and by e l a s t i c  c o l l i s i o n s  with the  am- 2 
+ bient  electrons.  Some f r a c t i o n  of t h e  ionizat ions  leaves CO i n  exci ted  
2 

s t a t e s .  P rec i se  predic t ions  would involve d e t a i l e d  s t u d i e s  of t h e  energy 

degradation of t h e  photoelectrons of t h e  kind c a r r i e d  out  f o r  t h e  ear th  

by Green and Barth @' ) and by Da lgarno, McElroy and S t q a r t  . (89 9 We can 

e a s i l y  demonstrate however t h a t  photoelectron impact i s  a comparatively 

-2 + small source of population of t h e  x211 and B Z s t a t e s  of GO: on Mars 
u u 

and Venus. 

-2 + The thresholds f o r  ion iza t ion  t o  t h e  ?211 x211 and B Zu s t a t e s  occur 
g' u 

a t  respect ively  13.8 eV, 17.3 eV and 18.1 eV. The energy f l u x  of photo- 

e lec t rons  with energies g r e a t e r  than 17.3 eV is  about 3.8 x lo1' eV 

-2 -1 cm sec  on Mars and about 1.5 x 1012 eV cm-2 sec-I on Venus f o r  t h e  

sun a t  zenith. For f a s t  e l ec t rons  absorbed by CO t h e  mean energy per 2 

ion p a i r  is  about 35 eV, a va lue  which must increase  u l t imate ly  with 

decreasing i n i t i a l  e lec t ron energy. Thus, t h e  number of ioniza t ions  

produced by e lec t rons  with energies i n  excess of 17.3 eV does not exceed 

10 -2 -1 10 -2 -1 1.1 x 10 cm s e c  on Mars and does not exceed 4.3 x 10 cm sec  

on Venus. According t o  McConkey, Burns and Woolsey (") t h e  exc i t a t ion  

-2 + 3 funct ions  of t h e  "Au and B Z s t a t e s  a r e  s imi la r  i n  shape t o  the  t o t a l  u 

ionizat ion function, (' l )  t h e  r a t i o s  being approximately 115 and 1/15 



Table 8 

Predicted intensities in kilorayleighs of the 

i 2 n  -A2nU and X2n - B 2 z +  band systems result- 
4 g U 

ing from fluorescent scattering on Mars and . 

Venus at various solar zenith angles zO. The 

~ 0 ~ '  contents are based upon the Mariner 5 

and Mariner 6 data. 

Mars Venus 



-2 -2 r e s p e c t i v e l y .  The corresponding upper l i m i t s  t o  t h e  X II - A ll and 
g u 

-2 -I-. 
"XII - B Z emission i n t e n s i t i e s  a r e  r e s p e c t i v e l y  2 kR and 700 R on 

g U 

0 Mars and 9 kR and 3 kR on Venus, a l l  va lues  r e f e r r i n g  t o  Z = 0 . The 

a c t u a l  i n t e n s i t i e s  may be of t h e  order  of h a l f  t h e  upper l i m i t s .  The 

est imated i n t e n s i t i e s  from photoe lec t ron  impact a r e  given i n  Table 9 

f o r  va r ious  s o l a r  zen i th  angles .  

Table10 summarizes t h e  con t r ibu t ions  from t h e  t h r e e  sources  f o r  

0 
Mars a t  a  s o l a r  zen i th  a n g l e  of 30 . Photo ioniza t ion  and f luorescence  

s c a t t e r i n g  a r e  important sources  f o r  both t r a n s i t i o n s .  Photo ioniza t ion  

is more important f o r  one system and f luorescence  s c a t t e r i n g  f o r  t h e  

o the r .  Fluorescence s c a t t e r i n g  assumes a  l a r g e r  r o l e  f o r  both p l a n e t s  

w i th  inc reas ing  s o l a r  zen i th  ang le  and i t  i s  r e l a t i v e l y  more important 

on Venus than  on Mars. 

Photoe lec t ron  impact c o n t r i b u t e s  no t  more than  5 percent  t o  e i t h e r  

t r a n s i t i o n  on e i t h e r  p l ane t  a t  any s o l a r  z e n i t h  angle .  Barth,  et a 1  (69 1 

have remarked t h a t  t h e i r  Mars spectrum is  s i m i l a r  t o  t h a t  produced i n  

t h e  labora tory  by t h e  bombardment of CO w i th  e l e c t r o n s  of 20 eV energy. 
2  

According t o  t h e  c ros s  s e c t i o n  d a t a  of McConkey, et a l ,  t h e  r a t i o  of 

system i n t e n s i t i e s  produced by 20 eV e l e c t r o n s  is somewhat g r e a t e r  than  

3 c o n s i s t e n t  w i th  our p red ic t ed  r a t i o  on Mars a t  30' of 3.1, produced 

by a  combination of photo ioniza t ion  and f luorescence  s c a t t e r i n g .  

Our r a t i o  r e f e r s  t o  t h e  t o t a l  i n t e n s i t i e s ,  whereas t h e  measurements 

of Barth, e t  a 1  (69 give  t h e  i n t e n s i t i e s  above p a r t i c u l a r  a l t i t u d e s .  I f  

we have c o r r e c t l y  i d e n t i f i e d  t h e  e x c i t a t i o n  mechanisms, t h e  r a t i o  of t h e  



Table  9 

* 
Estimated i n t e n s i t i e s  i n  k i l o r a y l e i g h s  of t h e  
- - - 

" + x2n - ~ ~ f l ~  and x2n - B ~ I ,  band systems r e s u l t i n g  
4 4 

from pho toe l ec t ron  impacts on Mars and Venus a t  

0 v a r i o u s  s o l a r  z e n i t h  ang le s  Z . 

Mars Venus 

* 
Upper l i m i t s  a r e  ob ta ined  by doubl ing  t h e  

* 

e n t r i e s .  The r a t i o  of  - any p a i r  of e n t r i e s  

i s  much more a c c u r a t e  than  t h e  i n d i v i d u a l  

e n t r i e s .  



Table 20 

Theoretical intensities in kilorayleighs of the 
- - - + x2n - A ~ I I ~  and x211 -B~z, band systems resulting 

4 g 

from photoionization, fluorescence scattering 

and photoelectron impact on Mars at 30° solar 

zenith angle. 

Sys tem 

Photoionization 

Fluorescence scattering 15.3 

Photoelectron impact 

Total 19.7 6 - 4  



-2 -2 - 2 
i n t e n s i t y  of t h e  X ll - A IIu system t o  t h a t  of t h e  X II - 'g%' system 

g  g  u  

should inc rease  wi th  inc reas ing  a l t i t u d e  because photo ioniza t ion  decreases  

w i th  t h e  s c a l e  he igh t  of t h e  n e u t r a l  atmosphere and f luo rescen t  s c a t t e r -  

ing decreases  w i t h  t h e  s c a l e  he igh t  of t h e  ion ized  component ( i f  t h e  

+ 
major ion  remains CO ). A d e t a i l e d  s tudy of t h e  Mars da t a  of Barth,  2 

e t  a 1  (69) may provide a  t e s t  of t h e  s o l a r  wind model of Cloutkr,  McElroy 

and Michel. ( 92) 

The inc reas ing  importance of f l u o r e s c e n t  s c a t t e r i n g  wi th  inc reas -  

ing  a l t i t u d e  should be r e f l e c t e d  a l s o  i n  a  changing v i b r a t i o n a l  d i s t r i -  

-2 
bu t ion  w i t h i n  t h e  2% - A II e l e c t r o n i c  t r a n s i t i o n .  

g  u  

Measurements of photo ioniza t ion  c ros s  s e c t i o n s  of CO i n  which t h e  
2 

i n d i v i d u a l  v i b r a t i o n a l  l e v e l s  of t h e  product e l e c t r o n i c  s t a t e  a r e  reso lved  

have been c a r r i e d  out by Turner and May (93) and by Spohr and Puttkamer ( 94) 

-2 
f o r  a  wavelength of 5842. The va lues  f o r  t h e  A II s t a t e  decrease  more 

u  

slowly wi th  inc reas ing  v '  than  do t h e  t h e o r e t i c a l  Franck-Condon f a c t o r s  

of Sharp and Rosenstock. ( 95) 

Contr ibut ions  t o  photo ioniza t ion  from au to ion iz ing  l e v e l s  of CO 2 

a r e  s i g n i f i c a n t  i n  t h e  reg ion  between 830 and 6002' 74) and t h e  v i b r a t i o n a l  

popula t ions  i n  t h e  atmosphere a r e  modified by cascading. Despi te  t h e  un- 

c e r t a i n t i e s ,  we proceed on t h e  assumption t h a t  t h e  5842 r a t i o s  of T a b l e 1 1  

g ive  t h e  r e l a t i v e  r a t e s  of popula t ion  of t h e  d i f f e r e n t  v i b r a t i o n a l  

l e v e l s  by photo ioniza t ion  i n  t h e  atmospheres of Mars and Venus. 

The r e l a t i v e  e f f i c i e n c i e s  wi th  which f luo rescen t  s c a t t e r i n g  popu- 

-2 
l a t e s  t h e  ind iv idua l  v i b r a t i o n a l  l e v e l s  of t h e  A II s t a t e  can be computed 

U 



Table 11 

R e l a t i v e  p r o b a b i l i t i e s  f o r  populat ing v i b r a t i o n a l  
- + l e v e l s  v '  of t h e  A ~ I I ~  s t a t e  of C02 by photoioni- 

z a t i o n ,  by f l u o r e s c e n t  s c a t t e r i n g  and by e l e c t r o n  

impact . 

v ' Photoioniza t ion  Fluorescent  s c a t t e r i n g  Elec t ron  impact 



from t h e  s o l a r  f l u x  i n t e n s i t i e s  and t h e  Franck-Condon f a c t o r s  f o r  t h e  

-42 -2 
X II (v" = 0)  - A II ( v ' )  t r a n s i t i o n s .  The r e s u l t s  a r e  included i n  

g u  

Table l l a s  a r e  t h e  approximate r e l a t i v e  e f f i c i e n c i e s  f o r  e l e c t r o n  impact 

t h a t  fol low from t h e  da ta  of Nishimura ( 96) and McConkey, e t  a  1. ( 909 

Ind iv idua l  band i n t e n s i t i e s  r e s u l t i n g  from t h e  t h r e e  sources of ex- 

c i t a t i o n  can be c a l c u l a t e d  approximately by combining Table 11 wi th  t h e  

r e l a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s  of Poul izac and Dufay. (82) The r e l a -  

t i v e  band i n t e n s i t i e s  a r e  l i s t e d  i n  Table 1 2 t o g e t h e r  wi th  t h e  approximate 

2  
wavelengths of t h e  mean band heads f o r  211112 and f i n a l  s t a t e s .  

312 

Table 12shows t h a t  i n  t h e  a l t i t u d e  r eg ion  where GO+ i s  t h e  major posi-  
2  

t i v e  ion  bands o r i g i n a t i n g  i n  v '  = 0  and 1 becomes r e l a t i v e l y  more i n t e n s e  

wi th  inc reas ing  a l t i t u d e  than  bands o r i g i n a t i n g  i n  v '  = 2. 

Molecular n i t r o g e n  may be a  minor c o n s t i t u e n t  of t h e  atmospheres o f  

Mars and Venus. Of t h e  many emission band systems, t h e  appearance of 

which would e s t a b l i s h  t h e  presence of N2, t h e  39148 band of t h e  f i r s t  

-2 + 4- 
nega t ive  system of N+ may be t h e  most s e n s i t i v e .  The B Xu l e v e l  of N2 

2  

can be exc i t ed  by t h e  same t h r e e  mechanisms t h a t  we have s tud ied  f o r  t h e  

+ 
CO emissions. 

2 

+ 
The N ions  produced by photo ioniza t ion  can be removed by d i s s o c i a -  

2  

t i v e  recombination 

-7 3  
wi th  a  r a t e  c o e f f i c i e n t  of about 3  x 10 cm s e c  -1(97) and by conver- 

+ 
s i o n  i n t o  CO through t h e  r e a c t i o n  2 



Table 12 
0 

Approximate relative intensities and wavelengths in A of the 

bands of the X 2 n  - i 2 n  transition of ~0~' produced by (1) 
g U + 

photoionization of CO (2) fluorescent scattering by C02 2' 

and (3) electron impact of COZ. 



-10 3 
98) For i l l u s t r a t i v e  which h a s  a  r a t e  c o e f f i c i e n t  of 9  x  10 cm s e c  . 

purposes we have adopted model atmospheres f o r  Mars con ta in ing  9  percent  

0 (87) The N and 91  percent  CO wi th  a n  exospheric  temperature  of 487 . 2 2 

atmosphere is  assumed t o  be  e i t h e r  completely mixed a t  a l l  a l t i t u d e s  o r  

such t h a t  d i f f u s i v e  s e p a r a t i o n  begins  a t  120 km. The t o t a l  abundance of 

4- 8 -2 N i ons  l ies i n  t h e  range from 10' t o  10 cm and t h e  f l u o r e s c e n t  s c a t t e r -  
2  

i n g  i n t e n s i t y  on Mars l i e s  between 20 Rayleighs and 2 Rayleighs.  

The c o n t r i b u t i o n  from simultaneous excitation and i o n i z a t i o n  i n  a  

d i r e c t  pho to ion iza t ion  process  can be computed s t r a igh t fo rward ly .  It 

is  120 Rayleighs f o r  t h e  d i f f u s i v e  model and 70 Rayleighs f o r  t h e  mixed 

model. 

The c o n t r i b u t i o n  from photoe lec t ron  impact can be  es t imated  us ing  

arguments s i m i l a r  t o  t hose  mentioned prev ious ly .  It i s  u n l i k e l y  t o  exceed 

50 Rayleighs f o r  t h e  d i f f u s i v e l y  s epa ra t ed  atmosphere o r  20 Rayleighs f o r  

t h e  mixed a  tmosphere. 

The i n t e n s i t y  of 3914 2 emission t h a t  we p r e d i c t  f o r  a  C02 - N2 com- 

p o s i t i o n  r a t i o  of t e n  is  accord ingly  two o r  t h r e e  hundred Rayleighs f o r  

t h e  e n t i r e  atmosphere. The p r e d i c t e d  i n t e n s i t y  could be  s u b s t a n t i a l l y  

reduced by t h e  presence  of a  l i g h t e r  c o n s t i t u e n t  such a s  a tomic oxygen. 

The proposed experimental  i n v e s t i g a t i o n  involves  t h e  employment 

of a  compact, l i g h t  weight,  au toma t i ca l l y  ope ra t i ng  spec t rograph  on t h e  



Lunar s u r r a c e  ro photographica l ly  record s i g n a t u r e  spec t r a  of resonance 

(and/or f luorescence)  s c a t t e r i n g  from s o l a r  i l l umina t ed  lunar  a tmospheric  

s p e c i e s  (o r  LEM contaminant s p e c i e s ) .  The r e l a t i v e l y  h igh  s e n s i t i v i t y  

ach i evab le  by t h e  proposed ins t rumenta t ion  (ppm o r  l e s s )  and t h e  exten-  

s i v e  s p e c t r a l  r eg ion  included i n  t h e  measurement program (hh 500 t o  

45002) r e s u l t  i n  t h e  conduct of a  survey experiment on e s t a b l i s h i n g  t h e  

presence o r  absence of  s p e c i f i c  lunar  a tmospheric  spec i e s .  

The proposed experiment i s  i d e a l l y  s u i t e d  f o r  ope ra t i on  on t h e  l una r  

su r f ace .  F i r s t ,  t h e  spec t rograph  f i l m  format r e s u l t s  i n  simultaneous 

i n t e g r a t i o n  over each ind iv idua l  s p e c t r a l  r e s o l u t i o n  s o  t h a t  t h e  r e -  

qu i red  broad s p e c t r a l  range can be covered a t  f u l l  s e n s i t i v i t y .  I n  add i -  

t i o n ,  s i n c e  t h e  proposed ins t rumenta t ion  encompasses a  s e l f - con ta ined  

ope ra t i ona l  e n t i t y ,  power, te lemetry,  d a t a  shar ing ,  i n t e r f e r e n c e ,  e t c .  

c h a r a c t e r i s t i c s  need be  considered i n  t h e  conduct of t h e  experiment. Upon 

comparison of t h e  o v e r a l l  c a p a b i l i t i e s  of t h e  experiment performed a t  a 

remote observa t ion  p la t form t o  t h e  suggested l una r  s u r f a c e  program, t h e  

fo l lowing  advantages a r e  apparen t :  (a )  t h e  experimental  cond i t i ons  re- 

main e s s e n t i a l l y  cons t an t  throughout t h e  viewing t i m e ,  i . e . ,  t h e  i nc iden t  

s o l a r  f l ux ,  t h e  ambient background, column of s p e c i f i c  spec i e s  ( s i g n a l  

source) ,  t h e  viewing p o s i t i o n  and angle ,  e t c . ;  (b) s p e c i e s  number den- 

2 s i t i e s  a r e  maximum a t  t h e  s u r f a c e  s o  t h a t  t h e  r e s u l t a n t  cm -column count 

is  o p t i m i z e d *  This  f e a t u r e  i s  e s p e c i a l l y  ev ident  i n  t he  d e t e c t i o n  of 



r e l a t i v e l y  heavy cons t i t uen t s ,  such a s  krypton, xenon, argon, e t c .  (which 

have r e l a t i v e l y  low s c a l e  he igh t s  from a  remote p la t form);  ( c )  t h e  r equ i r ed  

a s t r o n a u t  a c t i v i t y  is  simple, minimum, and v i t a l ;  (d) t h e  s e l e c t i o n  of 

t h e  surface-based viewing geometry is extremely f l e x i b l e ;  ( e )  t h e  i n s t r u -  

mentation can be loca ted  i n  t h e  v i c i n i t y  of t h e  LEM v e h i c l e  so  t h a t  an 

oppor tuni ty  e x i s t s  f o r  d e t e c t i n g  f u e l  contaminants and measuring t h e i r  

i nven to r i e s  a s  a  func t ion  of time. 

The da t a  acqui red  from t h e  ind ica t ed  experiments can be employed i n  

t h e  i d e n t i f i c a t i o n  of dominant lunar  atmospheric source  and s ink  func t ions  

a s  w e l l  a s  t h e  p e r t i n e n t  mechanisms involved. Addi t iona l ly ,  t h e  spec t ro-  

graphic  da t a  can be c o r r e l a t e d  wi th  o the r  Apollo mission measurement 

program r e s u l t s ,  i . e . ,  s o l a r  wind i n d i c a t o r s ,  seismology, meteoric  impact, 

e t c .  

Severa l  obse rva t iona l  experimental  programs have been conducted p re -  

v ious ly  t o  a s c e r t a i n  t h e  ex i s t ence ,  const i tuency,  and ex ten t  of a  lunar  

atmosphere. A concise  summary of t h e s e  r e s u l t s  involving a  broad v a r i e t y  

of experimental techniques has  been presented by Sytinskaya. (") Highly 

s e n s i t i v e  experiments were performed by Lyot and Dol l fus  ('0°) and Dol l fus  (101) 

who were searching  f o r  t h e  e f f e c t s  of Rayleigh s c a t t e r i n g  from a  lunar  

atmosphere loca ted  j u s t  beyond t h e  horns of a  c r e scen t  moon. They employed 

a  coronagraph t o  minimize ins t rumenta l  s c a t t e r i n g  of d i s k  l i g h t  and took 

advantage of t h e  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of Rayleigh s c a t t e r e d  l i g h t .  

The i r  r e s u l t s  i nd ica t ed  t h a t  t h e  t o t a l  su r f ace  number dens i ty  of t h e  lunar  

atmosphere must be l e s s  than lo-' t h a t  of t h e  sea l e v e l  t e r r e s t r i a l  a t -  

10 - 3  
mosphere (i. e., < 3 x LO cm ). 



On t h e  b a s i s  of t h e  r e s u l t s  of a  r a d i o  r e f r a c t i o n  experiment 

involving lunar  occultation of t h e  Crab Nebula, Elsmore ('02) deduced t h a t  

3 -3 a  s u r f a c e  e l e c t r o n  dens i ty  of about 10 cm i n  excess  of t h a t  of t h e  

surrounding i n t e r p l a n e t a r y  medium ob ta ins  f o r  t h e  lunar  atmosphere. On 

t h e  b a s i s  of a n  e x t r a p o l a t i o n  of t h e s e  da ta ,  he  suggested a  new upper 

l i m i t  va lue  f o r  n e u t r a l  spec i e s  a t  t h e  lunar  s u r f a c e  of only about  2 i 10 - 13 

e a r t h  atmospheres. 

Herzberg '03) suggested t h a t  t h e  observa t ion  of c h a r a c t e r i s t i c  f  luo- 

rescences  f o r  s p e c i f i c  spec i e s  o f f e r e d  a  s e n s i t i v e  spec i e s  d e t e c t i o n  

p o s s i b i l i t y .  Subsequently, Kuiper (lo4) es t ab l i shed  t h a t  lunar  atmospheric 

- 10 
SO amounted t o  l e s s  than 7 x  10 e a r t h  atmospheres on t h e  b a s i s  of 

2 

t h e  absence of absorp t ion  bands on observed lunar  d i s k  l i g h t .  Recently,  

Marmo and Engelman w5) def ined  a  manned o r b i t a l  experiment involv ing  the  

obse rva t ion  of resonance r a d i a t i o n s  from s o l a r  i l luminated  n e u t r a l  o r  

i o n i c  c o n s t i t u e n t s  i n  t h e  lunar  atmosphere. It was demonstrated both 

t h a t  a  number of p o t e n t i a l l y  important resonance l i n e s  occurred i n  t h e  

v i s i b l e  s p e c t r a l  r eg ion  and t h a t  a  meaningful experiment could be performed 

a t  a n  earth-based observatory.  

F i n a l l y ,  Marmo and Manring (Im) u t i l i z e d  t h e  Sacramento Peak corona- 

graph t o  image, o c c u l t ,  and t r a c k  t h e  lunar  d i s k  i n  a n  a t tempt  t o  observe 

atmospheric conten ts  of Na I, Ca I, and Ca 11 along t h e  lunar  limb. 

9 
The r e s u l t s  i nd ica t ed  upper l i m i t  va lues  f o r  t hese  spec i e s  of about  10 / 

2 
cm -column. 

For t h e  purposes of t h e  proposed experiment, t h e  s t a t e  of present  

development over t h e  e n t i r e  f i e l d  of a c t i v i t y  i s  s u f f i c i e n t  so  t h a t  no 



new technology i s  envis ioned.  For  example, t h e  r equ i r ed  a s t r o n a u t  a c t i v -  

i t y  i s  s t r a igh t fo rward  though v i t a l  i n  na ture ,  t hus  r e q u i r i n g  minimum 

e f f o r t  and i n s t r u c t i o n .  Add i t i ona l ly ,  a  p ro to type  of t h e  suggested i n s t r u -  

mentat ion has  been employed i n  a  number and v a r i e t y  of h igh  a l t i t u d e  

rocke t  experimental  programs designed t o  measure vacuum u l t r a v i o l e t  (WV) 

a i rg low i n  t h e  e r r t h  atmosphere, For t h e  p re sen t  a p p l i c a t i o n ,  t h e  on ly  

requirements  involve  s imple i n s t rumen ta l  s i z e  reduc t ion ,  o p e r a t i o n a l  

compa t ib i l i t y  w i th  t h e  lunar  environment, and t h e  des ign  of  a  removable 

f i l m  c a s e t t e  f o r  subsequent r e t u r n  t o  e a r t h .  

The Apollo mission experiment d i scussed  h e r e i n  involves  t h e  employ- 

ment of a simple,  l i g h t  weight,  au toma t i ca l l y  operated,  dua l  spec t ro -  

graph designed t o  perform observa t ions  i n  two s p e c t r a l  reg ions ,  i . e .  

XX 2500-45008 and XX 500-25008. The experiment is  t o  be  performed on t h e  

lunar  s u r f a c e  i n  t h e  p r o t e c t i v e  shade of t h e  LEM v e h i c l e .  The a s t r o n a u t  

w i l l  i n i t i a t e  t h e  pre-programmed experimental  sequence of t a s k s  which t h e  

instrument  i s  designed t o  perform au toma t i ca l l y .  Subsequent t o  au tomat ic  

shutdown, t h e  a s t r o n a u t  w i l l  remove t h e  capsu le  conta in ing  t h e  r o l l  f i l m  

spec t ro scop ic  d a t a  f o r  r e t u r n  t o  e a r t h  f o r  development, d a t a  reduc t ion ,  

and a n a l y s i s  and i n t e r p r e t a t i o n .  Th i s  i n i t i a l  experiment should be con- 

s i d e r e d  i n  terms of a  gene ra l  survey i n  t h a t  an  ex t ens ive  s p e c t r a l  r e -  

gion w i l l  be covered wherein t h e  presence o r  absence of s i g n a l s  owing t o  

resonance s c a t t e r i n g  from s o l a r  i l l umina t ed  spec i e s  i n  t h e  l una r  atmos- 

phere  can be de t ec t ed  w i th  r e l a t i v e l y  h igh  s e n s i t i v i t y .  The recommended 

experimental  technique w i l l  y i e l d  da ta  which can r ep re sen t  meaningful 



i n p u t s  t o  t h e  d e f i n i t i o n  of r e l e v a n t  mechanisms producing t h e  measured 

s p e c i e s  number d e n s i t i e s .  The proposed experiment w i l l  be performed w i t h  

e x i s t i n g  s t a t e - o f - t h e - a r t  ins t rumenta t ion  and minimum, al though v i t a l ,  

a s t r o n a u t  a c t i v i t y .  The experimental  o b j e c t i v e s  and r e s u l t s  can be 

app l i ed  and c o r r e l a t e d  w i t h  o t h e r  experiments performed under t h e  Apollo 

mission program. F i n a l l y ,  on t h e  b a s i s  of t h e  der ived  experimental  r e s u l t s ,  

t h e  l o c a t i o n  of a  permanent as t ronomica l  a i rg low observing s i t e  on t h e  

lunar  s u r f a c e  may be i n d i c a t e d  which would o p e r a t e  e s s e n t i a l l y  cont inuous ly  

and i n  d i r e c t  communication w i t h  e a r t h ,  

A meaningful experiment designed t o  determine t h e  cons t i tuency  and 

e x t e n t  of t h e  l una r  atmosphere must o p e r a t e  w i t h i n  t h e  c o n s t r a i n t s  of 

6 -3 3 -3 
t h e  accepted  upper l i m i t  v a lues  of  10 cm and 10 cm f o r  t o t a l  su r -  

f a c e  number d e n s i t i e s  f o r  n e u t r a l  and i o n i c  spec i e s ,  r e s p e c t i v e l y .  (99,102: 

Within t h e s e  l i m i t s ,  s e v e r a l  t h e o r e t i c a l  i n v e s t i g a t i o n s  have been performed, 

t h e  r e s u l t s  of  which a r e  descr ibed  i n  t h e  l i t e r a t u r e  a05,107 -1'0) so ,-hat 

a  d e t a i l e d  d i s cus s ion  is  not  included he re in .  S u f f i c e  i t  t o  n o t e  t h a t  

a  number of r e p r e s e n t a t i v e  p o s s i b l e  lunar  a tmospheric  c o n s t i t u e n t s  have 

been s e l e c t e d  f o r  t h e  purposes of i l l u s t r a t i n g  t h e  p re sen t  experimental  

c a p a b i l i t y  and i t s  a p p l i c a b i l i t y  t o  t h e  p re sen t  s t a t e  of knowledge. Th i s  

s p e c i e s  t a b u l a t i o n  i s  presen ted  i n  column 1 of Table  13  wi th  corresponding 

r e l e v a n t  resonance wavelengths. P re sen t  theory  does n o t  a l low one t o  

e s t i m a t e  t h e  i n v e n t o r i e s  of t h e  i n d i v i d u a l  s p e c i e s  which may be  r e s i d e n t  

i n  t h e  lunar  atmosphere which r e p r e s e n t s  t h e  gene ra l  r a t i o n a l e  f o r  t h e  

importance of t h e  proposed gene ra l  survey experiment. I n  l i e u  of t h i s  

s p e c i f i c  knowledge, t h e  expected s i g n a l  b r igh tnes s  va lues  i n  Rayleighs 
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6 
(where 1 Rayleigh = 10 photons/cm2 s e c  emi t ted  i n  4n s t e r a d i a n s ) ,  a r e  

t abu lz t ed  i n  column 3  of T a b l e 1 3 f o r  s u r f a c e  number d e n s i t i e s ,  no, of 

on ly  1 cmm3 f o r  t h e  i n d i v i d u a l  c o n s t i t u e n t s .  This  s e n s i t i v i t y  is  expressed 

i n  a n  a l t e r n a t i v e  f a sh ion  i n  column 4 of T a b l e 1 3 i n  terms of minimum 

d e t e c t a b l e  n  -values  f o r  an  assumed d e t e c t a b i l i t y  of  1 . 0  Rayleigh. F in-  
o  

a l l y ,  t h e  l a s t  column of T a b l e 1 3 l i s t s  t h e  major p o s s i b l e  source  f u n c t i o n s  

of t h e  i n d i v i d u a l  c o n s t i t u e n t s  considered a s  e x t r a c t e d  from t h e  l l t e r a t u r e .  @l-W 

The above t a b u l a t i o n  has  been sepa ra t ed  i n t o  two s p e c t r a l  c a t ego r i e s ,  i. e. 

XX 2500 t o  45002, and XX 500 t o  25002, since t h e  proposed i n v e s t i g a t i o n  

w i l l  be performed us ing  two spec t rograph  systems c o n s i s t e n t  wi th  t h i s  

s p e c t r a l  dichotomy. The ins t rumenta t ion  is  d i scus sed  i n  g r e a t e r  d e t a i l  

i n  t h e  fol lowing s e c t i o n  where i t  i s  demonstrated t h a t  system d e t e c t a b i l -  

i t i es  can be  achieved which correspond t o  s i g n a l  i n t e n s i t i e s  between about  

1 t o  10 Rayleighs.  On t h i s  b a s i s ,  t h e  d a t a  i n  Table  13  i n d i c a t e  t h a t  t h i s  

ins t rumenta t ion  c a p a b i l i t y  w i l l  r e s u l t  i n  h igh  p r o b a b i l i t y  of d e t e c t i n g  

and i d e n t i f y i n g  ( o r  a l t e r n a t i v e l y ,  e s t a b l i s h i n g  meaningful upper l i m i t  

s u r f a c e  d e n s i t y  v a l u e s )  a  l a r g e  number and v a r i e t y  of p o s s i b l e  lunar  a t -  

mospheric spec i e s .  

The proposed experiment is  p red i ca t ed  on t h e  employment of a  s imple 

des ign  spec t rograph  of reasonable  r e s o l u t i o n  which i s  both compact and 

l i g h t  weight.  An optimum des ign  f o r  t h e  p re sen t  experimental  purpose i s  

shown i n  F igu re  19which i l l u s t r a t e s  t h e  o p t i c a l  con f igu ra t i on  of a  s imple 

normal inc idence  spectrograph.  I n  F igu re  1% t h e  housing geometry is  i n -  

d i c a t e d  i n  o rde r  t o  i l l u s t r a t e  t h e  compact n a t u r e  of t h e  r e s u l t a n t  spec t ro -  

graph. The en t r ance  s l i t ,  g r a t i n g  and p l a t e  ho lde r  p o s i t i o n s  i nd i ca t ed  





i n  t h e  f i g u r e  l i e  on t h e  Rowland c i r c l e  s o  a s  t o  achieve  s u f f i c i e n t l y  

good focus f o r  an  extended wavelength region.  An e x i s t i n g  pro to type  

f o r  t h e  present  a p p l i c a t i o n  has  been designed, f ab r i ca t ed ,  and c a l i b r a t e d  

by McPherson Instrument  Co. (a d i v i s i o n  of GCA Corporat ion)  and u t i l i z e d  

i n  a  v a r i e t y  of rocke t  experiments designed t o  ob ta in  vacuum u l t r a v i o l e t  

s p e c t r a  i n  t h e  e a r t h  upper atmosphere i s  shown i n  F igu re  20. A technique 

of s t ack ing  t h e  two module assemblies  f o r  compactness i s  a l s o  i l l u s t r a -  

t e d  i n  t h e  f i g u r e .  Fu r the r  d e t a i l s  o f  t h e  b a s i c  spectrograph instrument  

a r e  no t  included h e r e i n  s i n c e  t h e s e  a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  (no 

The recommended o p t i c a l  con f igu ra t ion  involves  o v e r a l l  u n i t  assembly 

spectrograph dimensions of 4 inches depth by 8 inches width by 10 inches 

3  
length  ( i . e . ,  320 i n  ) wi th  a  weight of l e s s  than 5 lbs / ins t rument .  

F i n a l l y ,  it can be seen from t h e  schematic of F igure  20 t h a t  t h e  opt ion 

i s  a v a i l a b l e  t o  i nco rpora t e  e i t h e r  a  s i n g l e  spectrograph o r  t h e  dua l  

instrument  on any s p e c i f i c  Apollo mission. 

The c r i t i c a l  ins t rumenta l  parameters a r e  l i s t e d  i n  Table U f o r  both 

spectrograph des igns  wherein t h e  ind ica t ed  va lues  have been ass igned  t en -  

t a t i v e l y  on t h e  b a s i s  of a  pre l iminary  a n a l y s i s  of t h e  p re sen t  problem. 

It should be s t r e s s e d  a t  t h i s  po in t  t h a t  a l l  of t h e  paramet r ic  r equ i r e -  

ments s t i p u l a t e d  i n  t h i s  t a b u l a t i o n  can be accommodated by of f - the-she l f  

and s t a t e - o f - t h e - a r t  components. Br ie f  d i scuss ions  a r e  presented  below 

of t he  ind iv idua l  parameters included i n  Table 14 f o r  both ins t rumenta l  

designs.  

The ind ica t ed  g ra t ings  a r e  a v a i l a b l e  from Bausch and Lomb (I" and 

o t h e r  supp l i e r s .  The o v e r a l l  ins t rumenta l  t r ansmis s iv i ty  e s t ima te  of 0 .5  





'ZNSTRUPENTAI, I'AIUPLETERS FOR PORTAELE SPECTROGMPI-IS 

S p e c t r o g r a p h  #1 Spec t rograph  # 2  
1: 2500-45002 1; 500-25008 

O p t i c a l  S p e c i f i c a t i o n s  

G r a t i n g  S p e c i f i c a t i o n s  
G r a t i n g  Type Concave b lazed  

r e f l e c t i n g  
F o c a l  Length ,  cm 20 
G r a t i n g  b l a z e ,  a 3200 ( f i r s t  o r d e r )  

Grooves/nun 1200 
Ruled a r e a ,  rnrn 53  s 56 
R e c i p r o c a l  d i s p e r s i o n  .8/nml -40 
Omega, ( 2 :  s t e r a d i a n s  (x102) 7 . 4  (FOV -15') 

S l i t  w i d t h ,  crn 
S l i t  l e n g t h ,  cm 
O v e r a l l  T r a n s m i s s i v i t y  

F i l m  S p e c i f i c a t i o n s  

Type Rudak 2485 
Wavelength s e n s i t i v i t y  .x 2200-6700 
Exposure Required f o r  5 . 0  

n~inimum d e n s i t  h E, ergs /cm2 (x 10 ) 
Mean E v a l u e ,  pho tons /cn~  

2 8 . 0  
(x l o - 7 )  ( t  32002) 

R e c i p r o c i t y  F a i l u r e  N e g l i g i b l e  
A v a i l a b i l i t y  R o l l  Form 

I n s t r u i ~ l e n t  O v e r a l l  S p e c i f i c a t i o n s  - 
S i z e ,  i n c h e s  4 x S s l O  
Weigh t ,  l b s .  5 
Power r e q u i r e m e n t s  None 
Data measurements r equ i rements  Xone 
Data s u p p o r t  requ i renicnts  No11 e  

Concave b l a z e d  
r e f l e c t i n g  
2 0  
1200 ( f i r s t  o r d e r )  
600 (second o r d e r )  

1200 
53 x 56 - 40 
7.4 (FOV - 1 5 ~ )  

0 . 1 0  
1 . 0  
0 . 5  

Kodak 101-01 
50-4000 
4 . 2  

b7egl ig ible  
R o l l  Form 

4 X 8 S 1 0  
5 
lTone 
None 
None 



f o r  XX 2500 t o  4500a i s  considered conserva t ive  owing t o  t h e  h igh  r e f l e c -  

t i v i t y  of m a t e r i a l s  and g r a t i n g  e f f i c i e n c i e s  of t h i s  s p e c t r a l  region.  

A l t e rna t ive ly ,  f o r  t h e  s p e c t r a l  reg ion  AX < 15002, i t  i s  we l l - e s t ab l i shed  012) 

t h a t  r e f l e c t i v i t i e s  can be enhanced s i g n i f i c a n t l y  by employing s tock  i tem 

plat inum coated g r a t i n g s  which have been over-coated wi th  magnesium 

f l u o r i d e .  Therefore,  an  o v e r a l l  t r a n s m i s s i v i t y  of 0.5 was s e l e c t e d  

throughout t h e  e n t i r e  s p e c t r a l  reg ion  f o r  t h e  purposes of t h e  present  

d i scuss ion .  I n  p r a c t i c e ,  i t  is  planned t o  e s t a b l i s h  t h e  t r a n s m i s s i v i t i e s  

of t h e  i n d i v i d u a l  spectrographs on t h e  b a s i s  of a  labora tory  measurement 

program. 

The r a t i o n a l e  f o r  t h e  f i l m  s e l e c t i o n s  of  Table14  can be d iscussed  

i n  terms of F igures  21, 22, and 2 3  S p e c i f i c a l l y  f o r  AX 2500 t o  45008 

Kodak 2485 f i l m  was s e l e c t e d  on t h e  b a s i s  of t h e  s p e c t r a l  s e n s i t i v i t y  

curves of F igure  21, which was e x t r a c t e d  d i r e c t l y  from t h e  a p p r o p r i a t e  

Kodak da t a  shee t .  These publ ished da t a  were employed t o  o b t a i n  t h e  

corresponding E-values shown i n  Table 14 I n  t h e  p re sen t  experimental 

mode, it can be a n t i c i p a t e d  t h a t  r e l a t i v e l y  long exposure t imes may be  

involved s o  t h a t  t h e  r o l e  of r e c i p r o c i t y  f a i l u r e  must be  considered. 

In  t h i s  regard ,  it should be s t r e s s e d  t h a t  Lewis and James 'I3) have con- 

cluded r e c e n t l y  t h a t  r e c i p r o c i t y  f a i l u r e  was n e g l i b i b l e  when t h e  f i l m  was 

employed under vacuum condi t ions .  The r e s u l t a n t  behavior i s  summarized 

i n  F igu re  22 which was e x t r a c t e d  d i r e c t l y  from t h e  c i t e d  paper. I n  

add i t i on ,  t h e  r e s u l t s  of t h e  f i g u r e  i n d i c a t e  t h a t  a n  inc rease  i n  s e n s i -  

t i v i t y  occurs  under vacuum condi t ions  a l though t h i s  conclusion should be 

considered t e n t a t i v e .  I n  any case, f o r  t h e  present  purposes r e c i p r o c i t y  
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f31: b l u e  light exposure in room 
air and vacuum of p u r e  bromide 
emulsion without deliberate 
chemical sensitization. Expos- 
u r e  times a r e  noted on each curve. 



Exposure times 
w e r e  1/20, 1/10. 115. 112. 1, 2, 

4 ,  & 8 sec to a beam o f  1.7 x 
l o m 2  ergs/sec t o t a l  f l u x .  A f t e r  
exposure the  film was c u t  in two  
and the  upper half  developed in 
DK-20 for 12 rnin while t he  lower 
hal f  was developed in D - L 3 b  for 



f a i l u r e  was assumed t o  be n e g l i g i b l e  s o  t h a t  t h e  s e n s i t i v i t y  curves  

4 
of F igure  21 a r e  a p p l i c a b l e  f o r  exposures up t o  about  10 seconds. 

For  t h e  s p e c t r a l  r eg ion  XX 500 t o  2500a, the Kodak 101-01 f i l m  sel- 

e c t i o n  was p red i ca t ed  on t h e  fol lowing r a t i o n a l e .  An i n v e s t i g a t i o n  was 

performed r e c e n t l y  by W. K O  Fowler, e t  a l .  (114) on t h e  a b s o l u t e  c a l i b r a t i o n  

of SC-5 f i l m  employed f o r  f a r  u l t r a v i o l e t  r ocke t  spectroscopy.  A series 

of exposures of SC-5 f i l m  a t  a  wavelength of 12008 i s  shown i n  F i g u r e 2 3  

which h a s  been e x t r a c t e d  d i r e c t l y  from t h e  c i t e d  paper.  'I4) It can be  

seen t h a t ,  even f o r  a n  exposure time of 1/20 of  one second and a  beam 

-2 
i n t e n s i t y  of 1.7 x  10 ergs/second, s u f f i c i e n t  f i l m  exposure was ob ta ined  

( f o r  t h e  i n d i c a t e d  development process )  a s  shown i n  t h e  lower l e f t  s l i t  

image i n  F igu re  23. On t h e  b a s i s  of more r e c e n t  experimental  r e s u l t s ,  i t  

is  now recognized @) t h a t  Kodak 101-01 f i l m  is  both about  50 percent  

f a s t e r  than t h e  SC-5 f i l m  and a l s o  r e s u l t s  i n  a  c l e a r e r  background upon 

proper development. Addi t iona l ly ,  it h a s  t h e  f u r t h e r  advantage of. be ing  

a v a i l a b l e  i n  r o l l  form. On t h e  b a s i s  of  t h i s  increased  c a p a b i l i t y ,  a s  

w e l l  a s  t h e  degree  of darkening observed i n  t h e  lower l e f t  s l i t  image of 

Figure23, e s t i m a t e s  were der ived  f o r  t h e  exposure r equ i r ed  f o r  t h e  min- 

imum ope ra t i ng  d e n s i t y  of Kodak 101-01 f i l m  which a r e  presen ted  i n  ~ a b l e l 4  . 
With r e s p e c t  t o  r e c i p r o c i t y  f a i l u r e ,  Fowler, e t  a l .  Q14~115) have concluded 

t h a t  f o r  SC-5 and 101-01 f i lm,  is  completely n e g l i g i b l e .  Therefore ,  i t  

is a p p r o p r i a t e  t o  apply  t h e  t abu la t ed  E-value t o  t h e  c a l c u l a t i o n  of expos- 

u r e  t imes r equ i r ed  f o r  t h e  purposes o f  t h e  p re sen t  experiment. 



It i s  suggested t h a t  t h e  dual  assembly spectrograph be operated 

w i t h i n  t h e  p r o t e c t i v e  shadow of t h e  LEM. The o p t i c a l  a x i s  of t h e  i n s t r u -  

ment should be poin ted  about  10' above t h e  lunar  horizon wi th  t h e  s l i t  

o r i en t ed  i n  t h e  a n t i - s o l a r  p o s i t i o n  i n  o rde r  t o  minimize any degrada t ion  

introduced by s u r f a c e  s c a t t e r e d  r a d i a t i o n .  Th i s  obse rva t iona l  conf igur -  

a t i o n  can be i n s t i t u t e d  by t h e  a s t r o n a u t  e i t h e r  by means of a  b u i l t - i n  

t r i p o d  arrangement o r  by simply suspending t h e  dua l  spectrograph from a 

pre-se lec ted  l o c a t i o n  on t h e  bottom s e c t i o n  of t h e  LEM veh ic l e .  The 

a s t r o n a u t  would then  i n i t i a t e  t h e  ins t rumenta l  ope ra t ion  mode wherein 

t h e  e n t i r e  sequence of pre-programmed exposures would be performed auto-  

matica l l y  through equipment shutdown (which occurs  a f  t e r  severa 1 hours  

of ope ra t ion ) .  The only o t h e r  requi red  a s t r o n a u t  a c t i v i t y  involves r e -  

moval of t h e  p o r t a b l e  r o l l  f i lm  holder  f o r  r e t u r n  t o  e a r t h  f o r  subsequent 

f i l m  processing and da t a  r educ t ion  and a n a l y s i s .  Thus, i t  is  ev ident  

t h a t  a l though minimum a s t r o n a u t  a c t i v i t y  i s  involved i n  t h e  conduct of 

t h e  proposed experiment, h i s  r o l e  is  v i t a l  t o  i t s  succes s fu l  performance. 

A s  i nd i ca t ed  previous ly ,  meaningful cons t i tuency  da t a  w i l l  be  ob- 

t a ined  f o r  a  system d e t e c t a b i l i t y  of between 1 and 10 Rayleighs a s  shown 

i n  T a b l e 1 3 .  On t h i s  b a s i s  then, a  number of suggested exposure t imes 

have been s e l e c t e d  employing t h e  parametr ic  ins t rumenta t ion  va lues  d i s -  

cussed above and l i s k e d  i n  Table 14. A t  t h i s  po in t ,  it i s  convenient t o  

d e f i n e  t h e  fol lowing u s e f u l  parameters:  

XB = t h e  b r igh tnes s  va lue  f o r  t h e  background r a d i a t i o n  con- 
t a ined  w i t h i n  t h e  s p e c t r a l  r e s o l u t i o n  of one s l i t  
element. For convenience, t h i s  is  given i n  u n i t s  of 
Rayleighs ( see  F igure  24). 





Xs = t h e  b r igh tnes s  f o r  t h e  s p e c t r a l l y  d i s c r e t e  s i g n a l s  f a l l i n g  
on t h e  en t rance  s l i t ,  For convenience t h i s  i s  given i n  
u n i t s  of Rayleighs ( see  Table 13). 

A = s l i t a r e a , c m  
2 

R = viewing s o l i d  angle ,  s t e r a d i a n s  

T = o v e r a l l  t r ansmis s iv i ty ,  0.50 

t = t ime of exposure, seconds 

@ = i n t e g r a t e d  exposure r e l e v a n t  t o  one s l i t  a r e a  element image 
on photographic f i lm,  e rgs /cm2-s l i t  a r e a  and/or  photons/ 
cm2-s lit a r e a  

E = @/A; i n t e g r a t e d  exposure r e l e v a n t  t o  1 cm2 image of photo- 
graphic  f i l m  ( s e e  F igures  21 and 22). 

It i s  a p p r o p r i a t e  now t o  eva lua t e  t h e  exposure t imes r equ i r ed  t o  

ach ieve  a 1 t o  10 Rayleigh d e t e c t i o n  c a p a b i l i t y .  This  can be  es t imated  

in  t h e  fol lowing manner : 

s o  t h a t  

rcxs + x,) t l  
0 = (An) T 4 ?I 

S u b s t i t u t i o n  f rom ~ a b l e l ' 4  y i e l d s :  

Equation (1 l) i s  p l o t t e d  i n  F igu re  25where E-values of between lo7  and 

8 10 photons/cm2 ( see  Table 141 a r e  p l o t t e d  a s  a func t ion  of exposure t imes 

( t )  i n  t h e  range between 10 and 300 minutes. For f u t u r e  re ference ,  a 

number of s e l e c t e d  (X + X )-values a r e  included which range between 0 , 5  
s B 

and 40 Rayleighs. On t h e  b a s i s  of t h e s e  da t a ,  t h e  background da t a  shown 





i n  F igu re  24, and t h e  i n s t rumen ta l  c h a r a c t e r i s t i c s  l i s t e d  i n  Table  14, it 

w i l l  be demonstrated t h a t  a  1-10 Rayleigh s i g n a l  b r igh tnes s  d e t e c t a b i l i t y  

can be achieved by proper ope ra t i on  of  t h e  dua l  spec t rograph  on t h e  

l una r  su r f ace .  

The r e s u l t s  of  F igure  25 demonstrate  t h a t  t h e  exposure t i m e  i s  

s e l e c t e d  on t h e  b a s i s  of t h e  a n t i c i p a t e d  (X + %)-value. It i s  impor- 
S 

t a n t  t o  stress h e r e  t h a t  t h e  X -value i s  p e r t i n e n t  t o  t h e  de te rmina t ion  
B 

of t h e  proper  exposure t i m e .  S p e c i f i c a l l y ,  i t  i s  ev iden t  from t h e  da t a  

i n  F i g u r e  24 t h a t  t h e  %-value e x h i b i t s  s i g n i f i c a n t  v a r i a t i o n  over  t h e  

s p e c t r a l  r eg ions  suggested f o r  t h e  two spec t rograph  ins t ruments .  Spec- 

i f i c a l l y ,  f o r  Xh 2500-45008, X -va lues  of between 4  and 40 Rayleighs 
B 

( s p e c t r a l  r e s o l u t i o n  ~ 4 0 g )  ob t a in .  A l t e r n a t i v e l y  f o r  t h e  s p e c t r a l  r eg ion  

hX 500-25008, t h e  background c o n t r i b u t i o n  can be  ignored f o r  t h e  most 

p a r t .  For  t h i s  reason,  exposure e s t i m a t e s  a r e  ob ta ined  i n d i v i d u a l l y  f o r  

t h e  two spec t rograph  systems. 

With r e s p e c t  t o  hh 2500-4500g, a  p r a c t i c i n g  r u l e  of thumb of photo- 

graphy involves  s u c c e s s f u l  image d e t e c t i o n  a g a i n s t  a  s t r o n g  background 

when t h e  b r i g h t n e s s  of t h e  image amounts b a t  l e a s t  10 percent  of t h e  

background, i. e. (Xs + XB) /xB > 1.1. However, t h i s  r u l e  p r e v a i l s  f o r  

photographic  systems ope ra t i ng  on t h e  s t r a i g h t  p o r t i o n  of t h e  f i l m  gamma 

curve. This  i s  i l l u s t r a t e d  i n  F igu re  26 where X = XB f o r  which t h e  
S 

r e s u l t a n t  d i s c r imina t ion  o f  s i g n a l  a g a i n s t  background i s  r e a d i l y  apparen t .  

Owing t o  t h e  l ack  of r e l e v a n t  information on t h e  gamma curves  of t h e  pre-  

s e n t l y  considered f i l m  systems, a  conse rva t ive  approach i s  adopted 

wherein i t  i s  assumed t h a t  s p e c t r a l  d i s c r imina t ion  can be achieved when 





(Xs + xB)/% >_ 1.25. On t h i s  b a s i s ,  i t  i s  ev ident  t h a t  proper  exposure 

t i m e  s e l e c t i o n  must be p red i ca t ed  on t h e  b a s i s  of t h e  magnitude of t h e  

a p p l i c a b l e  background b r igh tnes s  r a t h e r  than t h e  s i g n a l  b r i g h t n e s s  fo r  

AX 2500-45002. Thus, accord ing  t o  F i g u r e  25, f o r  a n  E-value of 8 .0  

7 2  
x  10 photons/cm presen ted  i n  Table  14, exposure t imes of between 10 

and 100 minutes a r e  r equ i r ed  f o r  %-values of 40-4 Rayleighs,  respecCively.  

According t o  t h e  d e t e c t i o n  c r i t e r i o n  d iscussed  above, a  corresponding 

s i g n a l  d e t e c t i o n  c a p a b i l i t y  would be  r e a l i z e d  of between 10 and 1 Ray- 

l e igh ,  r e s p e c t i v e l y .  A s  a  consequence, a  recommended program of expos- 

u r e s  would be  employed i n  p r a c t i c e  which inc ludes  exposure t i m e s  of 1-300 

minutes . 

I n  c o n t r a s t  t o  t h e  above s i t u a t i o n ,  t h e  s p e c t r a l  r eg ion  XX 500-25002 

involve  no s i g n i f i c a n t  background c o n t r i b u t i o n s  according t o  F igu re  24  

For  t h i s  case,  exposure t ime s e l e c t i o n  i s  p red i ca t ed  only oa the  b a s i s  

of t h e  magnitudes of  t h e  expected X -values .  I n  t h i s  regard ,  t h e  d a t a  
S 

7 
of F igu re  25 sugges t  t h a t  f o r  t h e  der ived  E-value of 2.5 x 10 photons/cm 

2  

s i m i l a r  exposure t imes a s  those  der ived  above f o r  t h e  xx 2500-45002 

s p e c t r a l  r eg ion  o b t a i n  f o r  a  1-10 Rayleigh s i g n a l  d e t e c t i o n  c a p a b i l i t y  

f o r  t h e  Ah 500 t o  25002 s p e c t r a l  reg ion .  Accordingly, i t  i s  recommended 

t h a t  an  exposure t ime sequence i d e n t i c a l  t o  t h a t  ob ta ined  p rev ious ly  f o r  

Ah 2500-45002 of between 10 and 300 minutes be s e l e c t e d  f o r  t h i s  lower 

s p e c t r a l  reg ion .  

Relevant t o  t h e  above d i scus s ion ,  i t  may be noted t h a t  a  wel l -es tab-  

l i s h e d  p r a c t i c e  involves  t h e  c o n t r o l l e d  pre-exposure ( t o  t h r e sho ld )  of 

f a s t  f i l m  i n  o rde r  t o  enhance i t s  speed c h a r a c t e r i s t i c s .  



The above suggested exposure t ime sequences should be regarded a s  

t e n t a t i v e  e s t ima te s  s i n c e  the  f i n a l  s e l e c t i o n  w i l l  be  determined both 

on t h e  b a s i s  of  t h e  s p e c i f i c  preva len t  background condi t ions  a s  w e l l  a s  

labora tory  c a l i b r a t i o n  of t h e  o p t i c a l  components and f i lms  i n  t h e  ind iv-  

i d u a l  spectrograph systems. I n  t h i s  regard,  a n  a l t e r n a t i v e  in s t rumen ta l  

con f igu ra t ion  which would involve  t h e  employment of image i n t e n s i f i c a t i o n  

has not  been considered h e r e i n  owing t o  t h e  a d d i t i o n a l  ins t rumenta l  com- 

p l e x i t i e s  which would be  introduced.  However, i n  t h e  event  t h a t  such 

lower exposure t imes a r e  necessary,  t h i s  a l t e r n a t i v e  could be app l i ed  t o  

t h i s  experiment. 

The photographic spec t r a  obta ined  i n  t h e  conduct of t h e  proposed 

experiment r e q u i r e  minimum a n a l y s i s ,  s i n c e  t h e  f i l m  format i n t r i n s i c a l l y  

y i e l d s  t h e  unambiguous s p e c t r a l  l oca t ions  of resonance s c a t t e r i n g  of t h e  

i n d i v i d u a l  spec i e s .  A l t e rna t ive ly ,  d e t a i l e d  i n t e r p r e t a t i o n  of t h e s e  

r e s u l t s  is  expected t o  involve a  cons iderable  e f f o r t .  For example, it i s  

a n t i c i p a t e d  t h a t  t h e  explana t ion  of p o s i t i v e  r e s u l t s  w i l l  involve  a 

d e t a i l e d  i n v e s t i g a t i o n  t o  i d e n t i f y  t h e  major processes  con t r ibu t ing  t o  t h e  

ex i s t ence  of s p e c i f i c  spec i e s  i n  t h e  luna r  atmosphere. I n  add i t i on ,  any 

measured t ime v a r i a t i o n  of t h e  content  of a  given spec i e s  w i l l  involve  

t h e  i d e n t i f i c a t i o n  of s p e c i f i c  phenomenological s i n k  and source  func t ions  

such a s  s o l a r  wind a c t i v i t y ,  meteoric  impact, LEM f u e l  contaminants, e t c .  

It should be emphasized, however, t h a t  even nega t ive  r e s u l t s  can b e  

employed t o  e s t a b l i s h  meaningful upper l i m i t  va lues  f o r  a  l a r g e  number 

and v a r i e t y  of p o s s i b l e  lunar  atmospheric c o n s t i t u e n t s .  These da t a  can 

then  be u t i l i z e d  t o  preclude o r  eva lua t e  t h e  r o l e s  of s e v e r a l  suggested 



mechanisms contr ibut ing  t o  the  lunar atmosphere. F ina l ly ,  t h e  o v e r a l l  

experimental r e s u l t s  can be employed t o  evaluate  t h e  v a l i d i t y  and fea-  

s i b i l i t y  c£ es tab l i sh ing  a permanent astronomical-airglow lunar surface  

s t a t i o n  t o  monitor se lec ted  lunar atmospheric species  and communicate 

these  data rou t ine ly  t o  ear th .  

Successful performance of the  proposed experiment would be a s s i s t e d  

g r e a t l y  by t h e  performance of p a r a l l e l ,  t h e o r e t i c a l  and laboratory inves- 

t iga t ions .  The t h e o r e t i c a l  e f f o r t  should involve an inves t iga t ion  of t h e  

r e l a t ionsh ip  between s p e c i f i c  lunar atmospheric species and appropr ia te  

source and s ink  funct ions  a s  we l l  a s  t h e  mechanisms involved i n  generat ing 

s teady-s ta te  concentrat ions.  The laboratory inves t iga t ion  should in-  

volve t h e  measurement of the  o p t i c a l  c h a r a c t e r i s t i c s  of t h e  two suggested 

spectrograph systems a s  we l l  a s  abso lu te  c a l i b r a t i o n  of the  f i lms f o r  

employment herein.  These supporting data  would then be employed i n  the  

cogent i n t e r p r e t a t i o n  of t h e  derived experimental r e s u l t s .  



111. TECHNICAL PAPERS PRESENTED AT SCIENTIFIC AND/OR PROFESSIONAL MEETINGS 

A t  t h e  F i r s t  Annual Meeting of t h e  Div is ion  of Elec t ron  and Atomic 

Physics of t h e  American Phys ica l  Soc ie ty  on 17-19 November 1969 a  paper 

e n t i t l e d  "Angular D i s t r i b u t i o n s  of Photoelectrons and P a r t i a l  Photoioniza- 

t i o n  Cross Sect ions ' '  was given by D r .  James A. R. Samson of GCA Technology 

Divis ion,  Bedford, Massachusetts.  An experimental  arrangement was given 

f o r  measuring t h e  angular  d i s t r i b u t i o n  of photoe lec t rons .  The asymmetry 

c o e f f i c i e n t ,  @, was found t o  be 0 .3  f o r  argon, and 0 . 3  and 0.12 f o r  molec- 

u l a r  n i t rogen  a t  584g when t h e  r e s i d u a l  ion  co re  i s  l e f t  i n  i t s  X 'Z and 

2 
A II s t a t e s ,  r e s p e c t i v e l y .  The p a r t i a l  photo ioniza t ion  c ros s  s e c t i o n s  

were given f o r  0 a t  186, 209, 247, 330 and 4602. New i o n i z a t i o n  p o t e n t i a l s  
2 

f o r  0  were found a t  23.5, 24.6 and 27.3 eV + 0 . 3  eV. 
2 - 



IV . 
1969 THROUGH 24 NOVEMBER 1969 

I n  compliance wi th  t h e  requirements of t h e  s u b j e c t  con t r ac t ,  t he  

fol lowing is  an  i n t e g r a t e d  t a b u l a t i o n  of t o t a l  hours worked by labor  

category and grade 

Labor Category Labor Grade To ta l  Hours 

+:Junior Technician 

+:Technician 
Experimental Machinist  

;?Senior Technician 
Senior  Experimental Machinist  

;?Junior S c i e n t i s t  
Jun io r  Engineer 

,?Scient is t  
Engineer 

Senior  S c i e n t i s t  
Senior  Engineer 

S t a f f  S c i e n t i s t  

P r i n c i p a l  S c i e n t i s t  

Group S c i e n t i s t  
Group Engineer 

*and o t h e r  equiva len t  ca t egor i e s  

Quar te r ly  T o t a l  . . . . .  866 
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